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 Dr. On Topaz and I met during my fi rst days of residency in 1985 at Jackson Memorial Hospital 
in Miami, Florida. He was a hard-driving fi rst year Cardiology fellow, and we became fast 
friends. Instantly, I recognized that he had an internal fi re for pursuing scientifi c truth and was 
drawn to his drive in research pursuits in cardiovascular medicine. His deep passion for both 
cardiology and research stood out as a bright beacon, and I greatly benefi ted from his mentor-
ship in both areas. 

 As a House Offi cer, I learned a great many things from On: how to effectively gain central 
line access using multiple approaches, how to deal with the heavy work burden of my intern-
ship, and how to screen through extensive research data more effi ciently, to name just a few. 
One ever-present constant during my early mentorship by On was that he led by example. He 
was always the fi rst to do, to act, to volunteer, and even to take over, if necessary. This very 
relatable aspect of his approach made him an excellent role model. But most importantly, he is 
an extraordinary teacher. His in-depth knowledge of cardiovascular medicine and research and 
his didactic ability are what make him so special. 

 Even after moving on to do my own Cardiology fellowship, I always kept in touch with On. 
Over the years, I have followed his career and accomplishments with great interest. His keen 
interest in the application of laser technologies in cardiology has led him, not surprisingly, to 
publish extensively on the use of lasers in acute coronary syndromes and multiple facets of 
interventional cardiology. 

 A review of the contents of  Lasers in Cardiovascular Interventions  shows clearly that he 
has carefully assembled a comprehensive collection of chapters addressing the various cutting-
edge applications of laser in cardiovascular disease. It includes extensive details on laser use in 
vessels ranging from the coronaries to the peripheral arteries and veins and on laser treatment 
of thrombotic disease and arrhythmias as well as procedures for laser lead extraction and direct 
myocardial application. It is clear that lasers have a myriad of clinical and therapeutic applica-
tions. In one place, this book brings the diversity of laser applications into focus and makes 
them accessible and understandable. 

 Using his skillful ability to convey complex information and his vast practical knowledge 
of lasers, On Topaz has brought together world-renowned experts to produce a fascinating and 
authoritative book on an extraordinary subject. This book will be of great interest to a wide 
readership and provides insight into the multiple therapeutic uses of laser technology in treat-
ing complex cardiovascular diseases. 

 Emerson C. Perin, MD, PhD 
 Director, Research in CV Medicine, Texas Heart Institute 

 Medical Director, Baylor/St. Luke’s Medical Center Catheterization Laboratory 
 Clinical Professor of Medicine, Baylor College of Medicine 

 Houston, Texas, USA          

     Foreword   
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  Pref ace 

  
 Celebrating almost 100 years since its original description,  laser  is one of the astounding gifts 
which Albert Einstein’s phenomenal brain contributed to science and humanity. Since the 
introduction of laser devices to the biomedical sciences fi ve decades ago, this technology has 
created great interest and found multiple indications for utilization in a variety of medical 
fi elds. Specifi cally, the laser’s unique physical properties and precise bio-tissue interactions 
render this versatile source of unique energy an attractive tool for multiple therapeutic pur-
poses in cardiovascular medicine. Indeed the application of laser for management of various 
cardiovascular conditions and diseases has expanded dramatically over the last decade and 
entered the global arena. Currently, cardiovascular lasers are used in the USA, Europe, Japan, 
Australia, and are entering Asia. 

 Notably, leading reference books on cardiovascular laser utilization were already published 
more than 20 years ago, and their content accordingly represents knowledge and data pertain-
ing to the early to the late 1980s. As such, it seems prudent that the considerable body of sci-
entifi c information on the technological progress and clinical experience with cardiovascular 
lasers gained over the last 25 years should appear in a new, focused book. 

 Laser physics, technology, and the clinical applications in cardiovascular medicine always 
fascinated me. Thus, I am grateful to the publisher Springer for granting me the privilege of 
editing this book. Special thanks to the editors at Springer’s London, UK headquarters, Dr. 
Victoria Jones, and Mr. Grant Weston. My US-based project coordinator, Mr. Michael Wilt, 
merits well-earned accolades for his excellent management skills, reliability, and accommo-
dating pleasant personality when dealing with busy clinicians and scientists, each requiring 
special attention to ensure timely completion of the project. 

 I am deeply indebted to the contributing authors who eagerly submitted chapters for this 
book. Each contributor was selected based on recognition for their world-renowned, exten-
sive expertise, and their proven impact on the fi eld of cardiovascular laser medicine. As an 
editor I faced an intriguing academic dilemma of choosing between two options: to exercise 
a heavy, controlling hand and modify each chapter to a point of integrating the product into 
a uniformed structure, or to enable the preservation of the personal styles and perspectives 
of the contributing authors. I preferred the latter course. In the process, the dialogue between 
the authors and readers creates a unique personal, teaching atmosphere. Consequently, this 
book provides a host of views and a scale of technical descriptions true to the reality of car-
diovascular laser science and applications. The need to accommodate unique requirements 
of contemporary editing and focus the book’s scope inevitably led to exclusion of traditional 
topics [such as laser safety] shared with other medical fi elds and already well published 
elsewhere. 

 This book provides a thorough, up-to-date coverage of multiple topics for scientists who 
invent and explore medical lasers; for health care specialists including cardiologists, electro-
physiologists, cardiac and vascular surgeons, interventional radiologists, and interventional 
cardiologists who are interested in laser utilization and those who already use laser devices for 
management of complex cardiovascular diseases; for medical students and nurses seeking to 
learn about laser application for cardiovascular diseases; for fellows in advanced training who 
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wish to expand on the clinical correlates of the laser technology; and for students and  graduates 
of biomedical engineering in quest of comprehensive scientifi c data on the basic research 
aspects and clinical outcomes of various cardiovascular lasers. 

 The contributing authors and myself trust that our readers will fi nd this book an  authoritative, 
comprehensive, and contemporary reference covering the major aspects of laser application 
in cardiovascular medicine. We hope that the content will evoke a desire for further research 
in the fi eld and, fi nally, our sincere wish is that many patients will benefi t from this extraor-
dinary biotechnology. 

 Asheville, NC, USA On Topaz  

Preface
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      From Laser Physics to Clinical 
Utilization: Design and Ablative 
Properties of Cardiovascular Laser 
Catheters       

     Kevin     D.     Taylor       and     Christopher     Reiser     

            Introduction 

 Although the notion of excimer laser atherectomy (ELA) 
fi rst appeared in the early 1980’s, almost 10 years passed 
before the technique became commercially available [ 1 – 5 ]. 

 During this period, several critical elements of workable 
systems were developed so that the technique could be inves-
tigated clinically. Elucidation of the basic science behind the 
phenomenon became known at the end of this period, when 
efforts began to focus on optimization of technique, catheter 
designs, and clinical results. The technology continued to 
mature after ELA became commercially available in the 
early 1990’s. 

 As with many new technologies, improvements in the 
clinical application of ELA relied on the interplay among 
several technical disciplines. Understanding the biophysics 
of laser-tissue interaction, designing fi beroptic catheters that 
leveraged that understanding, and developing clinical tech-
nique required to use those catheters successfully, were 
required to advance the practice of ELA. That interplay cre-
ated a relentless drive for improvement as challenges and 
disappointments were addressed with new understanding 
and updated catheter designs. 

 This chapter attempts to unravel the historically complex 
interplay into a rational sequence of concepts. A short review 
of laser biophysics leads naturally to the clinical technique 
required to apply the technology. In turn, the clinical impli-
cation of tissue photoablation leads to advancements in cath-
eter designs, which will be covered in detail. Lastly, the 

possibilities for applying optimized laser catheters to a wider 
variety of clinical situations will be discussed. More than 
three decades since excimer laser coronary atherectomy 
appeared, we fi nd that the hard-won lessons from the past 
still guide us toward optimization of debulking with ELA 
and improved patient care.  

    Background 

    Excimer Lasers 

 ELA utilizes a xenon-chloride (XeCl) excimer laser to 
 produce bursts of ultraviolet light pulses at 308 nanometers 
(nm). This wavelength lies in the UVB range, and is 
 signifi cantly longer in wavelength than the 193 nm excimer 
lasers used for photorefractive surgery on the cornea. 
Typical excimer lasers share design features that dictate 
their general operating parameters; a brief review of these 
features will be helpful in understanding how to maximize 
their usefulness in ELA. 

 Every excimer laser contains a gas mixture with at least 
three components: a rare gas (such as xenon), a halogen 
donor (such as HC1) and a diluent (such as neon). The laser 
is energized by passing a pulsed electric discharge through 
the gas; this discharge has a peak electrical power of at least 
10–500 MW. In the volume of gas excited by the electrical 
discharge, many exotic molecular species are formed, includ-
ing the excited dimer that lases, XeCl*. The excited “dimers”, 
or excimers, are stimulated to release their energy into the 
laser light fi eld in the form of photons, which comprise the 
beam emerging from the laser. Each excimer system delivers 
photons of a different wavelength, depending on which rare 
gas and halogen comprises the gas mixture (see Table  1.1 ).

   Because the pulsed electrical power necessary for excimer 
lasers must be extremely intense, it can be delivered only in 
a short pulse between 5 and 200 nanoseconds (ns) in dura-
tion. In turn this dictates that each laser light pulse is also 
between 5 and 200 ns long. That is, excimer lasers are inher-
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ently pulsed, like a strobe light. As will be shown below, the 
pulsed nature of the excimer is used to advantage in ELA. In 
between laser pulses, the laser system stores up energy and 
prepares for the next laser pulse. For lasers currently used in 
ELA, the wait between laser pulses is about 25 milliseconds, 
making a pulse repetition frequency of 40 Hz. The maximum 
rate of pulsing is determined by the design and size of the 
system; rates above 1000 Hz are attained for some industrial 
applications. For coronary ELA catheters, the laser is typi-
cally operated for 5 s (during which 200 individual laser 
pulses can be delivered), followed by a 10-s rest period, 
whereas peripheral ELA catheters can be operated continu-
ously without a rest period.  

    ELA Catheters 

 To deliver the light to a lesion site inside an artery, a catheter 
containing optical fi bers must be supplied. Very pure fused 
silica (synthetic quartz) must be used to make these fi bers; 
ordinary glass fi ber will not conduct UV light at the neces-
sary power levels [ 5 ]. Up to 250 individual fi bers are packed 
into each catheter; the fi bers are typically between 50 and 
130 micrometers (microns) in diameter [ 6 ,  7 ]. Multiple small 
fi bers, rather than large fi bers, are used to maintain the fl ex-
ibility required to navigate through the arterial tree. At the 
proximal end of the catheter the catheter plugs into the laser 
system. In the plug, the fi bers are arranged in a bundle shaped 
to receive the laser beam from the excimer laser effi ciently. 
At the distal end, the fi bers are gathered around a guidewire 
lumen, potted in epoxy, and polished. In actual use, the distal 
tip is threaded over the guidewire and through the vascula-
ture until the tip contacts the arterial lesion. When the laser is 
activated, the 3-meter-long fi bers conduct the light pulses 
directly to the tissue, which is vaporized by the light.  

    Laser-Tissue Interaction 

 Ultraviolet lasers as a class differ fundamentally from other 
popular lasers used for various surgical applications, such as 
the Ho:YAG laser at 2100 nm or the CO 2  laser at 10,600 nm. 
To understand the difference between the mechanisms of tis-
sue interaction for these lasers, we play a game of “follow 
the energy.” That is, where do the photons go when they exit 
the catheter, and what do they do to the tissue? 

 The fi rst important parameter is absorption depth -- that 
is, the distance into the tissue that the beam penetrates before 
absorption diminishes the beam to 37 % of its original fl u-
ence (defi ned here as the energy delivered divided the cross- 
sectional area of the beam, typically in milliJoules per square 
millimeter, mJ/mm 2 ). Absorption depths reported for popular 
laser wavelengths are shown in Table  1.2  [ 5 ]. For precise tis-
sue interaction, penetration depths should be absolutely min-
imized. Among the lasers mentioned in Table  1.2 , the ArF 
laser at 193 nm has the smallest depth, and this property 
makes is uniquely suited for corneal sculpting. The XeCl 
laser in the ultraviolet and the CO 2  laser in the infrared range 
also have shallow absorption depths in vascular tissue. 
However, standard optical fi bers cannot conduct ArF and 
CO2 laser light, and specialized hollow waveguides for CO 2  
lasers are too stiff for intravascular use.

   In the early 1990’s, two additional properties of ultravio-
let light in tissue were quantifi ed. Jacques and Gijsbers [ 8 ,  9 ] 
pointed out that scattering, and not absorption, dominates the 
trajectory of ultraviolet photons through tissue. In fact, they 
showed through Monte-Carlo simulation that the ultraviolet 
rays follow “drunken sailor” paths under the beam delivery 
point, effectively trapping the photons at their point of entry. 
Because the tissue is dominated by scattering, the photons 
propagate by diffusion from their point of entry through the 
tissue. And because the absorption coeffi cient is high for 
308 nm light, the photons simply cannot diffuse far before 
being absorbed. For 308 nm light, the effective penetration 
depth is not more than 10–50 μm for typical vascular tissue, 
which is much less than the absorption depth would predict. 
A shallow absorption depth means less energy is required per 
laser pulse to create ablation. 

 The Monte-Carlo simulations also showed that the vol-
ume of tissue in which the photons are absorbed is always 
immediately beneath the point where the beam entered the 
tissue. For a beam delivered by an optical fi ber in contact 
with the tissue, the photons emitted by the fi ber, at the cath-
eter tip, are effectively trapped directly under the fi ber. This 
implies that we should expect ablation to occur only in the 
tissue in contact with the fi bers. 

 In order to avoid thermal damage to surrounding tissue, the 
laser energy must be pulsed. Specifi cally, the laser pulse dura-
tion must be less than the time required for heat energy to 
diffuse out of the volume of tissue directly irradiated by the 
laser. This can be achieved by operating the laser at a pulse 
width less than the thermal relaxation time for the tissue [ 10 ]. 

    Table 1.2    Absorption depths of popular laser wavelengths   

 Laser  Wavelength, nm  Absorption depth, microns 

 ArF  193  1 

 XeC1  308  100 

 Ho:YAG  2100  1000 

 Er:YAG  2900  1 

 CO 2   10,600  10 

   Table 1.1    Excimer laser types and wavelengths   

 Active medium  Wavelength, nm 

 ArF  193 

 KrF  248 

 KrC1  222 

 XeC1  308 

 XeF   353  
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At 308 nm in tissue, the thermal relaxation time has been cal-
culated at 840 μs [ 5 ]. Typical ELA excimer lasers operate at 
100–220 ns pulse width, representing a three orders of magni-
tude margin of safety against thermal damage. 

 Also, pulse width places a unique constraint on the design 
of the excimer lasers for ELA. Typical excimer lasers pro-
duce ultraviolet light in pulses lasting about 10 ns. Such 
short pulses degrade optical fi bers so quickly that the fi bers 
become opaque and effectively useless before the end of an 
ELA procedure. When the laser pulse width is stretched to 
more than 80 ns, the photodegradation effect decreases dra-
matically. For this reason, ELA excimer lasers must be spe-
cifi cally designed for long-pulse operation.  

    Energy Pathways 

 Important to note at this point are exactly which molecules 
absorb the photons. At 308 nm, most small molecules, such 
as water, sugar, etc. do not absorb. However, proteins and 
lipids are strong absorbers; these are the primary chromo-
phores for ELCA photons. These macromolecules, which 
tend to comprise the walls and enzymes of the cells, receive 
a large dose of energy by absorbing merely a single photon 
of UV light. During the laser pulse, the energy absorbed by 
the chromophores does not have suffi cient time to diffuse 
into nearby tissue. For the fi rst few nanoseconds the energy 
absorbed by the macromolecules remains in those molecules, 
inside the cells immediately under the individual fi bers that 
deliver the light pulse. 

 The second property of ultraviolet light in tissue eluci-
dated in the early 1990s recalled the invocation by the pio-
neers of the fi eld that photons at 308 nm have the ability to 
break molecular bonds directly [ 1 ,  3 ,  11 – 14 ]. That is, the 
energy in a 308 nm photon is larger than the binding energy 
of some molecular bonds, and so some photon absorption 
events should lead directly to molecular disassociation. This 
unimolecular pyrolysis was theorized to be a potent reason 
for the extraordinary effi ciency of deep UV ablation, but the 
extent to which it contributed to tissue effects at 308 nm was 
not initially known. Using elegant technique, Oraevsky [ 13 ] 

measured energy pathways in tissue models to determine the 
fate of the energy represented by the absorbed photons. 
Oraevsky estimated that 16 % of the incident energy was lost 
by the tissue, either as fl uorescence or by refl ectance. The 
remaining energy remained in the tissue to contribute to the 
photoablation process. An estimated 2 % of the photons were 
consumed in bond- breaking events, leaving 82 % to be con-
verted to heat. 

 To continue the game of “follow the energy” we must ask 
where the heat goes. Since the large molecules of the cell 
absorbed the photons, the heat begins its equilibration pro-
cess by exciting the vibrational modes of the macromole-
cules. This excitation is rapidly shared with all cellular 
constituents, including intracellular water. The water mole-
cules become transiently heated to above the vaporization 
temperature, and explode into the gas phase as steam [ 8 , 
 15 – 17 ]. Thus the cells located under the optical fi ber, where 
the photons were trapped and eventually absorbed, are fi rst 
weakened by photolysis of macromolecules, then disrupted 
from the inside by a steam explosion. This largely explains 
why the particulates detected in ELCA vaporization of tissue 
tend to be subcellular in size [ 3 ,  11 ,  18 ,  19 ]. 

 Using fl ash photography techniques, the existence of the 
steam created under each optical fi ber was verifi ed [ 8 ,  16 , 
 17 ]. The steam forms a bubble roughly twice the diameter of 
the fi ber, at the fl uences typically utilized in ELCA. In a mul-
tifi ber catheter, where up to 250 individual fi bers are used, 
the individual bubbles coalesce into one orb at the tip of the 
catheter (see Fig.  1.1 ). This bubble expands for the fi rst 220 
microseconds immediately following the arrival of the laser 
pulse, as it performs thermodynamic work displacing the 
surrounding liquid and losing energy by nonadiabatic cool-
ing through the wall of the bubble. After reaching a maxi-
mum volume, the bubble rapidly collapses approximately 
400 microseconds after the laser pulse. The tissue under the 
catheter typically has 12 μs (for a 80 Hz laser system) to 
equilibrate before the arrival of the next laser pulse.

   A secondary effect of the expanding and collapsing vapor 
bubble is pressure and cavitation effects that act to disrupt 
the tissue. Vogel et al. [ 20 ] calculated the pressures created 
during bubble expansion and collapse in a liquid environment 

  Fig. 1.1    High-speed photographs of the transient vapor bubble from a 2.0 mm diameter catheter 45 mJ/mm 2  pulse into an UV-absorbing liquid. 
Time after laser pulse: 20  u s ( left ), 220  u s ( center ), and 420  u s ( left ). Images courtesy of The Spectranetics Corporation       
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at 580 MPa (5800 bar) and 62 MPa (620 bar) respectively. 
This contrasts to pressures measured by Esenaliev et al. [ 21 ] 
of 100 MPa for excimer laser ablation in air. In a liquid envi-
ronment the bubble is confi ned by the liquid medium, result-
ing in higher pressures, whereas in the air environment the 
vaporization results in free ejection of debris from the irradi-
ated site. Mechanical confi nement can also occur when the 
catheter tip is pressed or tunneled into the tissue. This effect, 
dubbed the “Photomechanical Effect” is believed to be the 
dominant mechanism for tissue removal for ELA [ 22 ,  23 ].  

    Tissue Removal 

 Measured ablation rates for ELA catheters in porcine aortic 
tissue range from 3 to 12 μm/pulse [ 6 ,  24 ] Limited experi-
ence with highly calcifi ed tissue yielded a penetration rate of 
less than 1 μm/pulse with a small, high density catheter oper-
ating at 80 fl uence, 80 Hz [ 25 ]. A tissue penetration rate of 
5 μm/pulse at 40 and 80 Hz calculates to 0.2–0.4 mm/s abla-
tion speed. The ELA ablation rate is tissue dependent and 
slow in these tissue types. This suggests catheter advance-
ment therefore should be slow, otherwise incomplete abla-
tion can occur. Extensive in-vitro work by Hamburger et al. 
[ 26 ] compared pressure driven catheter advancement (PAD) 
to speed driven catheter advancement (SDA) with ELA cath-
eters in porcine aortic tissue. In PAD, a constant force, typi-
cally tens of grams, is maintained between the catheter tip 
and the tissue, while SDA advances the catheter through the 
tissue at a constant velocity. PDA forces of 12, 24, and 36 g 
and SDC velocities of 0.51, 0.24, 0.12, and 0.06 mm/s using 
45 fl uence, 25 Hz and 60 fl uence, 25 Hz from a 1.7 mm mul-
tifi ber catheter. The results were remarkable, demonstrat-
ing that only the slowest SDA speed, 0.06 mm/s produced 
clean ablation craters roughly approximating the optical area 
of the catheter. Ablation quality, assessed by gross micro-
scopic examination of sectioned craters, was also deemed 
to be superior at the 0.06 advancement speed. Craters pro-
duced by PDA and higher SDA speeds were characterized by 
incomplete tissue ablation and luminal areas much smaller 
than the optical area of the catheter. Follow-up work investi-
gating the effect of 40 and 80 Hz repetition rates with SDA 
demonstrated advancement speed could be increased to 0.1 
and 0.19 mm/s respectively without impacting ablation effi -
ciency [ 26 ]. Further increases in repetition rates should be 
evaluated to speed up the ablation process to better match 
advancement speeds possible by hand, estimated to be in the 
1–5 mm/s range. 

 Excimer laser ablation of thrombus has been studied 
extensively. Pettit et al. [ 27 ] performed ex-vivo ablation of 
thrombosed dog arteries with 351 nm excimer laser and a 
800 μm fi ber. He reported effi cient ablation resulting in com-
plete clot removal, small particulate debris composed of 

fragmented and intact red-blood cells, minimal vessel wall 
damage and suggested a mechanical (photoacoustic) mode 
of tissue removal. Papaioannou et al. [ 28 ], performed in- 
vitro thrombus ablation experiments and concluded the 
thrombus removal rate increased with increased fl uence, 
catheter size and repetition rate. Analysis of excimer laser 
thrombolysis particulate debris by Papaioannou et al. [ 29 ] 
using light obscuration counting equipment revealed less 
than 9 %, 1 %, and 0.006 % of ablation debris particles were 
greater than 10, 25, and 100 μm respectively. In the same 
study, using fi ltering and weighing techniques measuring the 
mass of material removed and debris greater than 10 μm, the 
infl uence of laser parameters (45 fl uence, 25 Hz and 60 fl u-
ence, 40 Hz), clot consistency (0.3, 0.7, and 1.0 % fi brin con-
tent), and catheter size (0.9, 1.4, 1.7, and 2.0 mm) was 
measured. Results showed ablation mass increased with 
catheter size, increased laser parameters, and decreased clot 
consistency while debris production decreased with increas-
ing laser parameters, lower clot consistency, and the smallest 
(0.9 mm) catheter size. It was also observed that for all cath-
eter sizes, the measured ablated volumes exceeded those 
expected based on the diameter of the catheter tip. In the 
0.9 mm catheter, a 200 % increase was seen, suggesting the 
photomechanical effect from the transient vapor bubble can 
fragment fi brin strands outside the zone of the catheter tip. 

 At this point the basic features of excimer laser ablation 
can be summarized as follows:

•    Utilization of 308 nm is key – fi ber delivery is possible  
•   Energy confi nement under the fi bers ensures that only a 

small layer of tissue is affected- this leads to precise abla-
tion and minimal energy requirements per pulse  

•   Ablation occurs through a combination of photolysis, 
photothermal, and photomechanical effects which reduce 
tissue to microscopic debris  

•   Ablation cannot occur without the transient steam bubble  
•   Tissue removal rates and ablation areas achieved are tis-

sue and technique dependent. They increase in softer tis-
sues and decrease with harder tissue. Maximal ablation 
areas are achieved when the catheter advancement does 
not exceed the tissue removal rate.      

    Techniques to Improve Ablation Results 

 Several researchers have linked the transient bubble to 
unwanted side-effects of ELA [ 16 ,  17 ,  30 – 32 ]. As the bub-
ble expands, the bubble diameter may reach or exceed the 
inner diameter of the artery. In this case, the transient bub-
ble momentarily dilates the artery wall in which the ELA 
catheter has been placed. This can cause the dissection or 
perforation of the arterial wall. Furthermore, confi nement 
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of the vapor bubble can eject vapor, liquid, and ablation 
debris at high pressures that will follow the path of least 
resistance. If the path of least resistance occurs in layered 
tissue, dissection of the layers can occur. Vacuolization, or 
bubble formation, between tissue layers is a frequent 
observation on histology sections of porcine aorta ablation 
craters [ 26 ]. However, UV ablation of plaque cannot pro-
ceed without the micro-disruptive effect of turning intra-
cellular water to steam, so the transient bubble cannot be 
altogether eliminated. It was therefore theorized that 
smaller transient bubbles would be preferable in clinical 
situations, and a long search for the means to minimize the 
bubble size began. 

 Comprehensive theoretical treatises have shown that the 
size of the transient bubble is proportional to the energy 
delivered to the tissue [ 33 ,  34 ]. Thus smaller catheters, and 
lower fl uences, imply that smaller transient bubbles will be 
formed. For most ELA applications, the desired outcome is 
to provide the occluded artery with as large a lumen as pos-
sible after angioplasty. From a treatment perspective, “bigger 
is better,” and ELA catheters typically create lumens no 
larger than the catheter tip diameter. Hence simply making 
ELA catheters smaller was not an acceptable option. 

    Saline Flush 

 It was also learned that blood and radiographic contrast 
absorb 308 urn light rather avidly [ 30 ]. Presence of either of 
these two liquids at the catheter tip exacerbates the transient 
bubble phenomenon, and prevents the light from reaching 
the tissue. This effect was not appreciated prior to 1993, 
when the fi rst registries of ELA cases were enrolled, and 
may have led to rates of dissection, abrupt closure, spasm, 
and other complications that were higher than expectations 
based on balloon angioplasty [ 35 – 39 ] Despite the largely 
successful statistics reported for these registries, the stigma 
of unpredictable dissection was attached to ELA performed 
in a blood fi eld [ 40 ]. 

 Once the deleterious effects of blood and contrast were 
identifi ed, a straightforward procedure for saline fl ush 
through the guide catheter during the laser bursts in an 
ELA procedure was developed [ 31 ,  32 ,  41 ]. Saline (or 
Ringer’s lactated solution) does not appreciably absorb the 
excimer laser light. By replacing the fl uid at the catheter 
tip with saline, the light emerging from the tip travels 
through the saline to the lesion tissue, where ablation is 
desired. In essence, the saline layer at the catheter tip pro-
vides the last few microns of beam delivery system for the 
ultraviolet light pulses. Clinical evidence quickly mounted 
for a dramatic decrease in complications using the saline 
infusion protocol, which has become standard technique 
for ELCA [ 31 ,  42 – 44 ].  

    Multiple-Sector Catheters 

 As this understanding was reached in the early 1990’s, efforts 
to increase the debulking effi ciency of ELA began. It was 
reasoned that larger catheters would provide greater debulk-
ing, but at the concomitant necessity of delivering a corre-
spondingly larger energy per pulse into the artery. In turn this 
would create a larger transient steam bubble, a side- effect to 
avoid. Several clever methods to minimize the energy per 
pulse, and thereby the size of the transient bubble, while 
maximizing ablation, were investigated. 

 In a typical ELA catheter, up to 250 individual fi bers 
comprise the total bundle that transmits the excimer pulses 
from the laser to the distal tip of the catheter. All fi bers con-
duct a tiny portion of the total energy on each laser pulse. It 
was reasoned that, if the total bundle were divided into six or 
eight sub-bundles, each sub-bundle subtending a wedge- 
shaped section of the catheter distal tip, then sequential acti-
vation of each sub-bundle would provide ablation over the 
entire tip of the device while delivering a fraction of the total 
energy on each pulse. If, at the same time, the pulse repeti-
tion frequency of the excimer laser were increased by six or 
eight times, the net effect should be to achieve the same pen-
etration rate through atheroma, but with a fraction of the side 
effects. 

 Systems employing this technique were marketed under 
the name “SELCA” for Smooth Excimer Laser Coronary 
Angioplasty (Medolas Lasertechnik, Germany) [ 45 ]. 
Prototype systems were also made by Spectranetics® 
(Colorado Springs, Colorado). Testing the SELCA technique 
in rabbit iliac arteries revealed that each wedge-shaped 
 sub- bundle does indeed make a transient bubble that is a 
fraction of the size one would expect from energizing the 
entire catheter bundle in one shot [ 45 ,  46 ]. However, the 
transient bubble under each sub-bundle distended the artery 
locally by approximately the same amount that would be 
expected from a full-bundle laser pulse. After six or eight 
pulses through the respective sub-bundles, the entire artery 
circumference was effectively transiently distended, one sec-
tion at a time. The net effect achieved the same collateral 
damage to the artery wall as a single full-bundle laser pulse. 
In addition, the tissue penetration rate was reduced, due to 
the reduction of the size of the vapor bubble and correspond-
ing acoustic pressures [ 30 ]. After this realization was 
reached, SELCA techniques were not actively pursued.  

    Ablation in Gas 

 Several researchers theorized if ELA ablation could be per-
formed in a gaseous environment, the high pressures associ-
ated with liquid confi nement of the vapor bubble could be 
reduced. Vogel et al. [ 20 ] demonstrated a three-fold decrease 
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in pressures using an innovative double pulse ablation 
 technique to create a gaseous environment for ablation. An 
initial pre-pulse at 10 mJ energy was delivered to create a 
small vapor bubble. Approximately 70 microseconds later a 
larger, 70 mJ laser pulse was delivered into the smaller vapor 
bubble. Vapor bubble volumes were reduced 15-fold and 
maximum pressures were reduced to 230 MPa from 
732 MPa. Van den Broecke et al. [ 47 ] compared excimer 
laser ablation in CO 2 , saline, and blood environments and 
concluded CO 2  delivered the highest quality ablation result. 
These unique solutions were not pursued, presumably due to 
the associated technical and clinical challenges and success 
of the saline infusion technique.   

    Catheter Design 

 Design of fi ber optic catheters for laser angioplasty has 
 progressed signifi cantly from the metal tipped probes and 
intraoperative single fi ber devices fi rst evaluated in the 1980s 
[ 48 ,  49 ]. Second-generation laser introduce in the late 1980s 
featured fl exible, multifi ber construction for percutaneous 
introduction into the coronary vasculature. Most of the clini-
cal data that led to commercial regulatory approval for 
excimer laser coronary angioplasty was generated with these 
catheters. In the early 1990s, the performance of third gen-
eration catheters was enhanced by using a larger number of 
small diameter fi bers densely packed into a fl exible catheter 
shaft. Advanced, lubricous coatings were utilized, the fi rst 
rapid exchange and eccentric designs were developed, and 

an array of catheter sizes was offered during this period. 
Clinical success improved from 87 to 94 % and complica-
tions decreased from 8 to 5 % when going from second-gen-
eration to third-generation catheters [ 50 ], demonstrating the 
infl uence catheter performance has on clinical outcomes. 

 The basic anatomy of a laser catheter is shown in Fig.  1.2 . 
There are four main segments of a catheter: the laser coupler, the 
extension (tail) section, the working section, and the distal tip.

   The laser coupler plugs into the laser system and is 
adapted to receive the energy from the laser system. The 
laser fi bers are prepared and arranged in a manner to produce 
effi cient and reliable transmission. This means the proximal 
ends of the fi bers must be uniform and polished, the coating 
of the fi ber must be removed, and ablative interactions with 
mounting components must be avoided as these will produce 
explosive reactions that destroy the ends of the fi bers. This is 
typically accomplished by mounting the uncoated fi bers in a 
synthetic quartz capillary tube or an aluminum slide. 

 The tail section runs between the laser coupler and work-
ing section of the catheter and provides the length necessary 
to reach from the laser system to the procedural area. This 
length is typically 2–3 m and allows for suffi cient placement 
of the non-sterile laser system away from the sterile proce-
dure area. This segment is typically composed of fl exible 
plastic tubing encasing the optical fi bers. 

 The working section is the portion of the catheter which is 
inserted into the patient. The length of this section is depen-
dent on the type of procedure- coronary laser catheters are 
typically 130 cm long and peripheral laser catheters are 
 110–150 cm long. The working section contains an internal 

Extension section

Working section

Coupler

Guidewire port

Distal tip

  Fig. 1.2    Laser catheter anatomy (not to scale) shows the basic features of an over-the-wire ELA catheter       
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lumen to accept a guidewire, a shaft consisting of a plastic 
tubing containing the fi bers with a diameter and stiffness 
profi le designed to be introduced into vascular anatomy, and 
the distal tip. 

 The distal tip is the energy emitting, treatment end of the 
catheter. It is typically composed of optical fi bers arranged 
concentrically around the guidewire lumen, encased in 
epoxy and polished to provide effi cient and reliable energy 
transmission. A radiopaque metal band surrounds the fi bers 
to allow for visualization of tip position under x-ray. The 
tip is polished at an angle and the leading distal, outer edge 
is rounded to allow for atraumatic insertion of the catheter. 
The polish angle of the optical fi bers at the tip cannot 
exceed 24°, otherwise the fi bers will fail due to internal 
refl ection. Since the distal tip construction results in a very 
stiff segment, the tip length is minimized (typically 
1.5–3 mm) to eliminate any negative effects to catheter 
alignment or access performance. 

 There are two primary types of ELA catheters, Rapid 
Exchange (RX) and Over-the-Wire (OTW). An OTW cathe-
ter is shown in Fig.  1.2  and is characterized by a guidewire 
lumen which extends the entire length of the catheters work-
ing section. A RX type catheter has a shorter guidewire 
lumen, typical 9–35 cm long, that extends through the most 
distal portion of the catheter. The RX catheter is preferred by 
many physicians because it is easier to insert and/or remove 
over a standard length guidewire. OTW catheters require a 
longer guidewire or use of a guidewire extension to perform 
catheter exchanges. Commercially available RX lasers are 
described in US Patent 5,456,680 [ 51 ]. This invention dis-
closes a fi ber optic catheter with a short guidewire lumen 
(less than 10 cm) with a tapered stiffening mandrel for opti-
mum stiffness and fl exibility characteristics. 

    Optical Fibers 

 The primary component of a laser catheter is the optical 
fi ber required to deliver the laser energy and their proper-
ties dictate much of the performance aspects of the catheter. 
An optical fi ber is a cylindrical waveguide that transmits 
light along its axis by the process of total internal refl ection 
(see Fig.  1.3 ). The fi ber consists of a core surrounded by a 
cladding layer and then a protective buffer layer. To confi ne 
the laser light in the core, the refractive index of the core 
must be greater than that of the cladding. Total internal 
refl ection occurs along the core/clad interface but only up 
to a maximum critical angle. If the light is incident at the 
interface at a steeper angle than the critical angle, light can 
escape the fi ber.

   Optical fi bers used in medical applications are composed 
of high grade silica glass for both core and clad and the clad-
ding is doped with fl uorine to lower the refractive index. 

Typical fi bers used in ELA have a 1–1.1 or a 1–1.05 core to 
clad ratio with approximately 3–5 μm of polyimide protec-
tive coating. For example a 1:1.1, 50 μm core fi ber will have 
a diameter of 55 μm at the outer edge of the cladding layer 
and 71 μm total diameter. 

 Optical fi bers for excimer applications low attenuation 
(<0.2 decibels/meter), and very high energy damage thresh-
olds [ 52 ]. One limiting characteristic of optical fi bers for UV 
wavelengths is color center generation, or photodegradation 
resulting in transmission losses of up to 25 % [ 53 ]. 
Photodegradation increases with lower wavelengths, lower 
pulse durations, and higher energy densities. Improvements 
in fi ber optic technology have reduced the photodegradation 
effect by nearly 50 % [ 53 ] but it still requires consideration 
when designing an ELA catheter. 

 Another key consideration with optical fi ber is its inher-
ent stiffness. Synthetic quartz has a modulus of elasticity of 
72 GPa, 90 times greater than that of high density polyethyl-
ene (HDPE), a common catheter material. Since bending 
stiffness is related to the fourth power of the diameter, an 
effective way to obtain more fl exibility is to reduce the fi ber 
diameter. For example, going from a 100 μm fi ber to a 50 μm 
fi ber will reduce bending stiffness by a factor of 16. However, 
it requires 4 times more 50 μm fi bers to fi ll the equivalent 
optical area of 100 μm fi bers, but this still results in a four- 
fold reduction in bending stiffness. Optical fi bers over 
200 μm diameter are typically too stiff for intravascular cath-
eter construction. 

 Lastly, small diameter optical fi bers are very fragile and 
require protective jacketing and care during catheter man-
ufacturing to preserve their integrity and energy transmis-
sion. Any damage to the polyimide coating will eventually 
result in a broken fi ber. In addition, care must be taken 
during the bundling and construction processes to ensure 
the fi bers lie substantially parallel to each other. Fiber 
“crosses” in the bundle, combined with compression, can 
produce micro- bending that can result in light escaping the 
core of the fi ber.  

Cladding

Cladding

CoreAcceptance
cone

  Fig. 1.3    Optical fi ber construction and mode of operation (not to 
scale). Light rays that enters the fi ber from an angle within the accep-
tance cone are trapped by the total internal refl ectance created at the 
interface between the core and the cladding       
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    Design for Performance 

 The key performance attributes for an intravascular laser 
catheter are trackability, pushability, wire movement, profi le, 
and optical area. In this section we will defi ne each of these 
attributes and discuss ways to achieve desirable performance, 
along with the associated challenges. 

 Trackability is defi ned as the catheters ability to navigate 
vascular anatomy over a guidewire. Success is defi ned as 
navigation to the target site with minimal force. Moving the 
catheter with low force is very important in ELA as it allows 
the physician to feel the catheter tip as it contacts the plaque 
and allows for precise, slow advancement of the catheter. 
Excessive force will mask any tactile feedback “feel” and 
make it diffi cult to control the catheter advancement. Friction 
is the enemy of trackability and can result from excessive 
catheter stiffness (resulting in high friction against the vascu-
lar wall or guidewire), high surface area contact between 
mating surfaces, rough surfaces, and a high coeffi cient of 
friction (COF) between mating surfaces. To combat friction, 
the lubricous coatings are applied to the catheter shaft, low 
COF materials such as Tefl on or HDPE are used for the 
guidewire lumen, shaft and lumen materials are designed 
with suffi cient wall thickness to prevent collapse or kinking 
when exposed to curvature, and the portion of the catheter 
(usually the distal end) exposed to curves and bends in the 
vascular anatomy is made fl exible to minimize bending 
forces. Flexibility is accomplished by using small diameter 
optical fi bers combined with low durometer shaft materials. 
Loosely bundling the optical fi bers within the outer jacket 
(shaft) will also promote fl exibility. This allows the individ-
ual fi bers to move within the bundle during bending and 
minimize bending resistance. 

 Pushability is defi ned as the as the ability to effi ciently 
transfer force from the proximal end of the catheter to the 
distal tip. The term was popularized by cardiologists that 
desired balloon catheters that could be “pushed” across tight 
coronary lesions. Excessive fl exibility and friction are the 
antagonists of pushability. The friction-reducing methods 
discussed above also apply here. Good pushability is 
obtained by making the portion of the catheter not subject to 
bends and curves (usually the most proximal portion) as stiff 
as possible. With an ELA catheter this is accomplished by 
jacketing the fi bers with a stiff tubing having a thicker wall 
thickness. Bundling the fi bers tight within this jacket will 
also create a stiffer shaft. For rapid exchange catheters, a 
tapered stainless steel mandrel is placed within the fi ber bun-
dle to provide proximal stiffness. Combining the aspects of 
both pushability and trackability, Fig.  1.4  shows the optimal 
stiffness profi le for a coronary ELA catheter.

   Profi le is the diameter of the catheter as it pertains to 
insertion into the patient and/or the presentation to the target. 
For a balloon angioplasty catheter, important profi les are the 

maximum catheter diameter, the crossing profi le (defl ated 
balloon diameter), and the infl ated balloon diameter. In gen-
eral, for intravascular procedures, lower profi le catheters are 
preferred as they are less invasive and offer better perfor-
mance. This creates a dilemma for ELA catheters, as the 
catheter diameter is determined by the optical area or tip 
diameter. For maximal debulking a larger catheter is required. 
For an ELA catheter, the important profi les are maximum 
catheter diameter, tip diameter, and distal shaft diameter. It is 
important that the distal shaft closely match the tip diameter 
as it must follow the catheter tip through the ablation lumen. 
Reducing the overall catheter diameter to present a less inva-
sive catheter profi le is accomplished by using fewer optical 
fi bers, utilizing thin wall thickness jacketing materials, and 
bundling the optical fi bers in a tight confi guration. Since all 
these techniques could negatively affect trackability, push-
ability, and optical area, the catheter designer must compro-
mise in all areas to deliver acceptable all-around catheter 
performance. 

 One technology that enabled the best compromise 
between trackability, pushability, profi le and optical area is 
described in US Patent 5,415,653 by Wardle and Goldenberg 
[ 54 ] that discloses a fi ber optic catheter with stranded fi bers. 
In this invention, the optical fi bers are spirally wound around 
the longitudinal axis of the catheter, similar to cotton fi bers 
in a string or wire in a cable. See Fig.  1.5 . Bending a stranded 
fi ber bundle produces a round bundle cross section in con-
trast to the fl at cross section produced with a traditional lon-
gitudinal oriented fi ber bundle thus reducing friction. A 
stranded fi ber bundle provides fl exibility, a lower profi le, 
reduced friction, and improved durability (kink and crush 
resistance). A stranded bundle can be tightly jacketed thus 
allowing the construction of high optical density catheters 
without sacrifi cing performance or increasing shaft profi le. 
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  Fig. 1.4    An optimal catheter stiffness profi le achieves pushability by 
being reasonably stiff in its proximal section, where the operator grasps 
and manipulates the catheter body. Stiffness gradually decreases toward 
the distal tip, which allows the catheter to navigate through tortuous 
arteries without buckling       

 

K.D. Taylor and C. Reiser



9

To obtain a low profi le, fl exible, stranded bundle, the bundle 
is tightly coated with a low durometer material by shrinking, 
necking, extrusion coating or other techniques well known in 
the catheter art. To obtain a stiffer stranded shaft, a high 
durometer material is used for the jacketing process.

   Wire movement is defi ned as the force required to move 
and steer the guidewire through the catheter. This catheter 
property is actually accounted for in the trackability defi ni-
tion and methods, however, it is very important from a clini-
cal and ease- of-use perspective that it deserves its own 
explanation. During ELA procedures it is common for the 
physician to fi rst insert the guidewire into the catheter, then 
insert the catheter (and guidewire) into the patient, then 
advance and steer the guidewire across the stenosis. Steering 
a guidewire through tortuous anatomy, into specifi c vascular 
branches, and across the stenosis requires considerable 
expertise and precise response from the guidewire. If guide-
wire movement is hindered by the catheter, feel and control 
of the guidewire is lost making it very diffi cult to reach and 
cross the stenosis. This can result in extended procedure 
times, scraped catheters, angry customers and in rare cases, 
procedural complications. Current ELA catheters use low 
COF materials for the guidewire lumen; have adequate clear-
ance between the guidewire outside diameter and the inside 
diameter of the guidewire lumen; and have suffi cient wall 
thickness of the inner lumen to avoid collapse or kinking 
when exposed to curvature. 

 The optical area of the catheter is the sum of the light- 
emitting surface area at the tip of the catheter. ELA ablation 
occurs only in close proximity to the light emitting optical 
fi ber surface, and the ablated lumen created in ELA is deter-
mined by the diameter of the optical fi ber bundle presented 
at the tip of the catheter. Furthermore, ablation of tough 
fi brocalcifi c plaque requires higher energy densities and 

minimal “dead space” at the tip of the catheter. We will 
review the design and merits of three types of ELA tip con-
fi gurations in use today; Close-Packed (CP), Optimal Spaced 
(OS), and High-Density (HD). See Fig.  1.6 .

       Close Packed (CP) Tip Design 

 Early ELA multi-fi ber catheter designs featured a close- 
packed ring of fi bers located central in the catheter tip. 
Suffi cient optical dead space existed in and around the cen-
tral lumen and the outer edge of the catheter tip to allow for 
use of larger guidewires, and to present a less traumatic tip 
profi le. This was important as early ELA catheters were con-
structed of larger diameter fi bers and required larger guide-
wires for introduction into the vasculature. Larger outer 
peripheral dead space allowed for generous rounding of the 
catheter tip edge to reduce the possibility of vessel wall dam-
age during catheter introduction. In the quest for better abla-
tion effi ciency, it was quickly apparent that the optical fi ber 
area in the tip had to increase. Advances in catheter and 
guidewire technology enabled use of smaller wires to deliver 
the catheters safety into the vascular, thus eliminating the 
need for large guidewire lumens or heavy rounding of the tip. 
This realization lead to the development of the OS and HD 
catheter designs.  

    Optimal Space (OS) Tip Design 

 The desire to increase the diameter of the ablated lumen 
without increasing the number of fi bers, the size of the tran-
sient vapor bubble, catheter profi le and catheter stiffness, led 
to the development of the OS tip design. This concept took 

  Fig. 1.5    In a stranded optical fi ber bundle ( top ), the fi bers are spirally 
wrapped around the catheter core. In a traditional optical fi ber bundle 
( bottom ), fi bers extend straight along the catheter core, resulting in a 
stiffer device. Drawing not to scale       

  Fig. 1.6    CP ( left ), OS ( center ), HD ( right ) tip confi gurations use differ-
ent strategies to present the individual optical fi bers at the distal tip of 
the catheter       
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the same number of fi bers from a CP tip and spread them 
over a wider area, resulting in a reduction of outer and inter-
nal dead space (around the guidewire lumen). Only the out-
ermost fi bers were close packed to give a smoother ablation 
crater edge. Catheters of the OS type have the same number 
of fi bers as the close-packed (CP) fi ber bundle design. OS 
catheters deliver the same energy per pulse as CP, and there-
fore produce similarly sized transient steam bubbles. OS 
devices feature the same fl exibility as the CP predecessors, 
because the fi ber optic cable is identical. The difference lies 
only in the catheter tip, and this creates specifi c differences 
in the way the devices work. 

 Bench testing compared the diameter of holes ablated in 
porcine aorta with OS devices to those created with CP devices 
[ 24 ]. OS devices consistently produced larger ablation areas for 
all sizes of OS catheters (see Fig.  1.7 ). Remarkably, OS devices 
could produce ablation holes at least as large as the tip of the 
device, a performance feature formerly lacking in ELA cathe-
ters. In addition, particulate debris analysis revealed the OS 
devices produced less, similar sized particulate when compared 
to the CP devices [ 24 ]. This result is surprising considering the 
honeycomb area between the fi bers has increased and may be 
further evidence that the photomechanical effect is a primary 
mode of tissue removal in ELA.

   Comparison of penetration rates between OS and CP 
devices revealed the penetration rate of OS devices were 
approximately one half that of CP devices [ 24 ]. This is not 
surprising since the total tissue area exposed to UV light was 
increased by 40 % [ 25 ] leading to a corresponding drop in 
energy (light and pressure) density. In-vitro comparison of 
advancement speeds of 0.2 mm/s, 0.5 mm/s, and 1.0 mm/s 
with the 2.0 mm OS catheter at 45 fl uence, 40 Hz revealed 
the largest ablation areas (equivalent to 100 % of the tip 
diameter) were achieved with the slowest advancement 
speed [ 25 ]. See Fig.  1.8 . Advancing the catheter slowly is a 
key to maximal debulking in ELA.

       High Density (HD) Tip Design 

 While the OS tip design signifi cantly increased the debulk-
ing capability of ELA it did not address the issue of hard 
calcifi ed plaque. Penetrating hard calcifi ed plaque requires 
a high energy density [ 55 ] and minimal dead space. The 
fi ber spacing in OS devices reduces energy density impact-
ing the tissue while dead space around the outer diameter 
in the CP tip design causes another problem- the hole 
ablated in a calcifi ed tissue is smaller than the outer diam-
eter of the catheter, blocking the passage of the catheter. 
An HD tip design, with fi bers covering almost the entire 
catheter tip, is required here. 

 Figure  1.9  shows an ELA catheter design meeting the 
requirements for treating very hard tissue. The 0.9 mm 
device has a closest-packed array of fi bers around a 0.014” 
guidewire lumen; two circular rows of fi bers surround the 
lumen. The radiopaque marker band has been moved back 
from the tip to allow the fi bers to occupy the radial space 
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  Fig. 1.7    The area ablated in porcine aorta for OS catheters, compared 
to CP catheters. Laser parameters were 60 fl uence, 40 Hz (From 
Lippincott et al. [ 24 ])       
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  Fig. 1.8    The area ablated with the 2.0 mm OS catheter at 45 fl uence, 
40 Hz was the greatest at the slowest advancement speed (From 
Lippincott et al. [ 24 ])       

  Fig. 1.9    The 0.9 mm catheter (side and front tip views) features two 
circumferential rows of close-packed fi bers, with minimal dead space 
around the guidewire lumen and around the outside rim of the tip       
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nearly out to the edge. Since only 65 fi bers were required for 
this device, it maintains a supple feel and excellent tracking. 
Increased laser parameters up to 80 fl uence and 80 Hz were 
tested with this catheter.

   Testing in ex-vivo tissue compared CP devices with the 
0.9 mm catheter in their ability to penetrate calcifi ed human 
cadaver plaque. As expected, the CP devices ablated a 
tapered hole and failed to cross the sample despite prolonged 
(65 s total) lasing. However, the 0.9 mm device at 80 fl uence, 
80 Hz laser parameters penetrated the sample in less than 
35 s [ 25 ]. 

 A prospective clinical trial was conducted evaluating the 
0.9 mm catheter in 100 calcifi ed and/or balloon-resistant 
lesions [ 56 ]. Successful laser catheter crossing was obtained 
in 87 lesions (92 %), procedural success was reached in 88 
lesions (93 %), and clinical success in 82 lesions (86 %). 
Increased laser parameters (greater than 60 fl uence, 40 Hz) 
was required for 29 resistant lesions.  

    Commercial ELA Catheters 

 Spectranetics offers a full line of ELA catheters for coronary 
and peripheral vascular indications. The catheters feature 
many of the advanced features detailed above: stranded fi ber 
bundles; advanced hydrophilic coatings, HD and OS tip 
designs, and multi-durometer shaft construction. Smaller 
fi bers of 50 and 61 μm core diameter are used with the excep-
tion of some of the larger peripheral catheters that use 100–
130 μm fi bers. The peripheral Turbo-Elite® catheter line 
offers OTW catheter sizes from 0.9 to 2.5 mm and RX cath-
eters from 0.9 to 2.0 mm, and features 80 Hz and a continu-
ous lasing capability. The ELCA® coronary catheter line 
contains catheter sizes from 0.9 to 2.0 mm in the RX con-
fi guration and OTW catheters are offered in the 0.9 mm size. 
Laser parameters for the ELCA catheters are 60 fl uence, 
40 Hz combined with 5 s “on” followed by 10 s “off” lasing 
sequence. The exception is the 0.9 mm catheter size which is 
offered in a model confi gured for 80 fl uence, 80 Hz and a 
10 s “on” followed by 5 s “off” lasing sequence.   

    Catheter Designs and Techniques for Greater 
Debulking 

 OS and HD devices, combined with slow catheter advance-
ment, appear to deliver on the promise made in the 1980s for 
ELA, that being to debulk atheroma and to create a lumen the 
same size as the catheter, predictably and without complica-
tions. Ultimately the size of lumen created is limited by the 
size of the ELA catheter, which in turn is limited by the guide 
catheter or introducer sheath through which the ELA cathe-
ter is deployed. Multiple catheter passes can occasionally 

achieve slightly larger lumens, however, catheter designs 
that can target more of the residual plaque are required. 

    Eccentric Catheter 

 The fi rst catheter evaluated for creation of larger lumens in 
the coronaries was the Vitesse E eccentric catheter produced 
by Spectranetics. The catheter featured an optical fi ber pack 
located eccentrically to the guidewire lumen at the tip. See 
Fig.  1.10 . Originally designed for eccentric lesions, the 
 catheter featured construction in a rapid exchange catheter 
that allowed the tip to be rotated and aligned with the bulk of 
the lesion. It was surmised this featured could also be used to 
make multiple passes through a lesion, each pass realigning 
the tip of the catheter to target the remaining tissue. The cath-
eter was available in 1.7 and 2.0 mm sizes.

   Clinical study of the eccentric catheter in 53 coronary in- 
stent restenosis patients was performed by Dahm et al. [ 57 ]. 
Using a slow, multiple pass technique, the mean residual 
lumen diameter post laser was 2.4 mm. Residual lumens as 
large as 2.2 mm were obtained with the 1.7 mm catheter and 
3.0 mm with the 2.0 mm catheter. Six-month follow-up 
revealed low restenosis rates rivaling brachytherapy results, 
the most effective therapy at the time, and demonstrated the 
benefi t of maximal debulking. Interest in laser debulking of 
coronary in-stent restenosis waned with the success of drug- 
eluting stents which virtually eliminated the clinical problem 
of restenosis.  

    The Bias Sheath 

 One of problems experienced with the eccentric catheter was 
the catheter frequently fell back into the channel created by 
the catheter on the fi rst pass, thus making subsequent passes 

  Fig. 1.10    The 1.7 mm Vitesse eccentric catheter (side and front tip 
views) features an optical fi ber array located eccentrically to the guide-
wire lumen and a slotted radiopaque tip marker for catheter alignment 
under fl uoroscopy       
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ineffective. What was needed was a method to defl ect the 
catheter and prevent this occurrence. US Patent 7,572,254 by 
Hebert et al. [ 58 ] discloses a sheath designed to bias the laser 
catheter away from its central axis and allow for targeting of 
plaque outside the initial laser channel. The sheath features a 
lumen to contain a laser catheter and a nosecone-shaped tip 
designed to act as a ramp to bias the laser catheter 1-2 mm 
away from the central axis. See Fig.  1.11 . To use, a pilot 
channel is created in the occlusion using the laser catheter. 
The laser catheter is withdrawn, inserted into the bias sheath, 
and reinserted back into the artery over the guidewire. Once 
positioned proximal the occlusion, the laser catheter is 
advanced up onto the ramp and locked into position. 
Positioning of the catheter tip on the ramp is aided by radi-
opaque markers located on the bias sheath tip. The biased 
laser catheter is then used to debulk the occlusion using mul-
tiple pass technique, repositioning the catheter between 
passes to target residual plaque. The sheath was commercial-
ized by Spectranetics for peripheral vascular use as the 
Turbo-Booster® and later a next generation system named 
the Turbo-Tandem®. The Turbo-Tandem is available in two 
sizes- a 7 French introducer sheath compatible model 
designed for use with a 1.7 mm catheter and a 8 French com-
patible model design for a 2.0 laser catheter.

   Clinical evaluation of the 8 French Turbo-Booster sheath 
was performed in the CELLO study [ 59 ]. Sixty-fi ve lesions 
in the leg with a mean reference diameter of 4.9 mm and an 
average length of 5.6 cm were treated. The percent diameter 
stenosis was reduced from 77 to 35 % (1.1 mm to 3.2 mm 
luminal diameter) after 8 passes (mean) of the Turbo-Booster 
sheath. Final residual stenosis was 21 % after adjunctive 
therapy (balloon angioplasty and stenting). Eight patients did 
not receive adjunctive therapy. Patency rates were 59 % and 
54 % at 6 and 12 months, respectively.   

    Future Opportunities and Challenges 

 While HD catheter tips combined with increased laser 
parameters and smaller catheter diameters have improved 
ELAs ability to penetrate fi brocalcifi c lesions, there are still 

calcifi ed lesions laser cannot recanalize [ 56 ]. Dense intravas-
cular calcium is a very hard ceramic-like material called cal-
cium hydroxyapatite. Laser can etch this material but ablation 
rates are very slow and the resulting lumen diameters are 
very close to the optical fi ber diameter of the catheter. Even 
if penetration is achieved, the catheter will ultimately become 
stuck in the lesion due to frictional and clearance issues. 
Rocky calcium remains an area of challenge for ELA. 

 ELA catheters have earned a place in the interventionalist 
toolbox primarily for recanalization of occlusions resistant 
to conventional therapy. Increased treatment of peripheral 
vascular disease has fueled ELA utilization due to the extent 
and complexity of the disease. Peripheral lesions are com-
monly occluded, longer, and with high plaque burden, requir-
ing more specialized tools and techniques compared to 
coronary procedures. Conventional angioplasty tools (bal-
loon and stent) have failed to produce a durable result in the 
periphery and created another problem, in-stent restenosis. 
Interest in debulking has resurfaced as a means to reduce 
plaque burden and improve long term results. 

 In order to compete in the debulking peripheral vascular 
market, ELA will have to prove it can provide superior long- 
term results. Removing more plaque burden may be key to 
obtaining the desired results, representing a lofty goal for 
ELA catheter design. Past catheter design attempts to accom-
plish this yielded modest results, only 0.5 and 0.7 mm more 
luminal gain than what could theoretically be accomplished 
with a large catheter in one pass [ 57 ,  59 ]. These small gains 
came at the expense of increased treatment time. To alleviate 
this issue, steps to increase the cutting rate of ELA should be 
taken. Advancing the catheter at 1 mm per second or slower is 
very diffi cult and results in extended treatment times, particu-
larly in long lesions and when multiple passes are required. 
Increasing the repetition rate of the laser system to over 
400 Hz is technically possible and should be investigated. A 
400 Hz repetition rate would allow for a 5 mm/s advancement 
speed, decrease treatment time fi ve-fold and may also yield 
some improvements in ablation effi ciency. For future ELA 
systems, advances in both laser parameters and catheter 
designs will be required to achieve the goal of safety treating 
a blocked artery, and leaving behind a clear lumen with a 
diameter larger than the catheter itself.     
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Fluid-Dynamic Phenomena 
in Cardiovascular Ablation  
with Laser Irradiation

Robert Splinter and Christian G. Parigger

 Introduction

Removal of atherosclerotic plaque is a therapeutic modality 
in the prevention of heart-attacks as well as pertaining to the 
preservation of circulation to the extremities. Atherosclerosis 
in the leg contributes to loss of independence, specifically for 
the elderly. Poor circulation in the leg is often associated 
with claudication pain, resulting in reduction in mobility. 
Obstructive blood flow in the coronaries can result in cell 
death leading to arrhythmias as well as total cessation of vas-
cular circulation. The physician can resolve vascular occlu-
sion disease using mechanical displacement, mechanical 
removal or chemical ablation, thermal ablation or laser irra-
diation. The mechanical process of increasing the lumen of 
an artery, or vein, can be achieved by balloon inflation [1]. 
Balloon angioplasty does not remove material; however, it 
relies on the placement of a stent to ensure a degree of per-
manency in the preservation of flow [2]. Other mechanical 
processes include cutting into the plaque for active excision. 
For mechanical removal one uses either a forward or side- 
ways directed blade to scrape thin layers of predominantly 
soft tissue for gradual advancement [3]. Due to the cumula-
tive effect of the mechanical removal, the catheter is fre-
quently discharged from the acquired content, which may 
also require removal from the vessel. For chemical ablation 
of plaque, administration of a chemical is needed to initially 
break-down plaque followed by removal. In addition, chemi-
cal treatment is applied for prevention of restenosis as well 
as for control of endothelial regrowth and proliferation [4].

Laser irradiation in arterial-vascular and cardiovascular 
applications is used for photo-thermal ablation of diseased 
tissue, for vaporization and for photo-mechanical removal of 
vascular plaque, as for instance during Percutaneous 
Transluminal Coronary Angioplasty (PTCA) in the coronar-
ies [5] or in the peripheral veins (as part of the treatment of 
peripheral artery disease: PAD).

This chapter discusses the mechanism-of-action associ-
ated with the removal of atherosclerotic plaque facilitated by 
laser energy. In photo-thermal ablation of tissue in a confined 
biological environment it is important to evaluate the effi-
ciency of removal of target material. Furthermore, formation 
and eradication of the resulting debris is of interest while 
preserving the integrity of the surrounding tissue structure. 
Photo-thermal ablation relies on irradiation with electro- 
magnetic radiation (EM-radiation) to induce destruction of 
structural integrity.

Laser ablation with near-infrared light may yield a high 
volume of vaporization due to the deep penetration of the 
light, but it is substantially limited to the ablation of materi-
als that have low vaporization entropy. Long wavelength 
(i.e., infrared) laser ablation relies on volumetric heating, 
yet there are associated risks for inducing thermal damage 
to healthy tissues in the vicinity of volume to be treated. 
The same principle holds true when using radiation in most 
of the visible region. Ultraviolet light on the other hand has 
shallow tissue penetration, but can induce breaking molec-
ular bonds. This may also apply to a certain range of blue 
light irradiation, depending on the chemical bonds under 
consideration [6].

Ultra-Violet excimer laser radiation based ablation of 
plaque shows direct interaction with calcified hard tissue. 
Usually a fiber-optic based catheter is used to administer the 
treatment (Fig. 2.1). The limited penetration depth under 
ultra-violet light absorption provides a thermally confined 
process, with associated diminished peripheral thermal 
range. This thermal confinement restricts tissue removal. 
The photoablative mechanism-of-action can be classified in 
two categories: vaporization and Photodisruption [7].
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 Fluid-Dynamic Phenomena in Plaque 
Ablation

During laser irradiation, the vaporization of biological media 
(i.e. plaque) and specifically blood (thrombus) generates an 
expanding bubble followed by cavitation. Additionally, other 
pulsatile flow conditions directly related to the blood flow 
itself may cause vortices as well. Both bubble expansion and 
bubble collapse (i.e., cavitation) create conditions of mechan-
ical and chemical non-equilibrium, hence removing the 
homeostasis on a local level. The rapid changes in pressure 
and associated changes in the concentration gradient affect 
local tissue structure. Tissue exposure that does not result in 
irreversible damage and cell-death can induce regenerate 
action (neo-intimal hyperplasia) that does not conform to the 
established anatomical cell growth. Specifically neo-intimal 
hyperplasia can be viewed as a type of cell growth that can 
contribute to the formation of plaque.

Turbulence and cavitation can result in boundary layers 
with little or no net flow, which instigate conditions for 
thrombus formation. The localized thrombus formation is 
one of the first indicators of plaque formation.

The formation of cavitation and required boundary condi-
tions were first described by Osborne Reynolds (1842–1912) 
in 1894. The classifications of the conditions for turbulence 
and cavitation are indicated by the Reynolds number 

(Re
v= l

h
, the ratio of inertial and viscous forces, with v the 

flow velocity, ℓ the characteristic length, η the kinematic 
velocity) of the local flow circumstances [8]. Full cavitation 
will occur when the Reynolds  number exceeds 3000, not 

considering the Cavitation Number of the phenomenon [8]. 
Other theoretical considerations of nonequilibrium in 
mechanical and chemical conditions with respect to turbu-
lence includes effects described by the Bernoulli equation, 
an increase in flow velocity (vflow) corresponds to a decrease 
in local pressure (as for example realized on an aerofoil 
[wing], causing a plane to become and remain airborne). 
Noteworthy is as well, when the locally applied pressure 
drops below the vapor pressure a liquid will vaporize. This 
phenomenon is known and recognized as cavitation.

Dissolved constituents, usually encountered in complex 
chemical media, are subject to Henry’s Law [8]. Henry’s law 
asserts that as the pressure drops certain gasses will be freed 
from solution and form bubbles. The cavitation number (kd) 
associated with this Bernoulli pressure gradient: 
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, indicating whether cavitation is likely, as 

it is for small cavitation number, where P∞  is the local pres-
sure, Pvapor the fluid vapor pressure, vflow the flow velocity 
(average), ρ the fluid density [9]. In addition to analysis of 
flow in cylindrical arteries, this also provides insight in spe-
cial flow architecture especially in a curved vessel, and can 
be useful in determining the impact of shape and angular 
velocity in bifurcations and expansion/constriction at a 
stenosis.

Generally the formation of bubbles progresses at a slower 
rate than the collapse, providing a unique mechanism of 
mechanical interaction. A representative real-time progres-
sion of the bubble evolution is illustrated in Fig. 2.2a, with 
the theoretical outline of the resonance phenomenon for a 
unobstructed bubble displayed in Fig. 2.2b. Cavitation can 
be described resulting from thermal ablation processes, spe-
cifically from short duration events, such as pulsed laser 
ablation (i.e., initiated by thermal expansion) [10, 11]. 
Cavitation can cause mechanical effect as well as chemical 
changes. The chemical interaction is based on the concentra-
tion gradient that is created as a result of the turbulence asso-
ciated with the bubble flow.

 Mechanism-of-Action in Tissue Ablation

The mechanical and chemical mechanisms involved in photo-
ablation are based on the following physical actions. Tissue 
vaporization relies on the conversion of one form of energy 
mediated by a thermodynamic phase transition based on 
molecular vibration, resulting in a conversion from solid pref-
erably to gas. Molecular vibration is the fundamental conse-
quence of temperature. The average vibrational kinetic energy 

Fig 2.1 Graphical representation of the geometry and composition of 
plaque in the vessel with imbedded calcified areas. The catheter will not 
necessarily face the plaque at perpendicular angle, unless it is a total 
occlusion. The total occlusion may however still be composed with a 
surface at an angle. Additionally, the inhomogeneous composition of 
the plaque will force the catheter to follow the path of ablation with 
respect to the softer tissues that have a lower ablation threshold

R. Splinter and C.G. Parigger



17

a

b

Fig 2.2 Schematic representation of the bubble evolution in an 
 un- obstructed ultraviolet light absorbing liquid field. The same 
 fundamental theoretical principles will apply to the ablation process 
of plaque, however the bubble will be confined between the catheter 
tip and the solid plaque surface. The bubble progression illustrated in 
(a) represents the real-time maximum bubble size formation under 
308 nm excimer irradiation in an absorbing liquid using a 2.0 mm 

diameter catheter with an inserted guide wire. The cavitation process 
is of the order of tens of microseconds with respect to the initiating 
laser pulse- width of 200 ns (not drawn to scale). The time span 
between the first and second maximum radius is of the order of 
300 μs. (b) Graphical illustration of the fluid-dynamic resonance 
corresponding to the solution to the Rayleigh-Plesset equation for the 
bubble wall-motion

2 Fluid-Dynamic Phenomena in Cardiovascular Ablation with Laser Irradiation
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(Ekin, where Ekin represent the average Kinetic Energy) of 
molecular motion is directly correlated to the absolute value 

for temperature in Kelvin as T
E

k k
m vkin

b b

n

i i= = ∑1 1

2
2 , 

where v2  represents the average vibrational and translational 
velocity of the  conglomerate of individual molecules (i) with 
respective mass mi, summed over the total volume of mole-
cules in the tissue under irradiation and averaged, and 

kb = ×1 381 10 23. - m kg
s

2

2K
 is the Boltzmann constant [12]. 

Thermal effects are designated to EM-radiation, ranging from 
blue to long wavelength infra-red. Photodisruption is a com-
bination of primary chemical bond-breaking, as well as initi-
ating vibrations resulting from thermal heating, which in-turn 
results in an acoustic effect and/or thermal expansion due to 
heating of either liquid or solid biological media. 
Photodisruption has a high likelihood of providing 
 gas- formation (viz. vapor-bubble).

Long wavelength visible and near-infrared light by nature 
provides sufficient energy to increase molecular vibrations. 
Long wavelength electromagnetic radiation primarily results 
in a large-volume temperature increase which may eventu-
ally lead to liquefaction or vaporization. Prior to reaching 
vaporization conditions, the tissue will reach a temperature 
that will cause protein denaturation, resulting in cell death 
for living tissue. For calcified plaque, however, infrared light 
does not deliver the energy to melt or vaporize the solids 
containing calcium in complex chemical structures with 
tight atomic and molecular bonds. Hence the attention is 
drawn to breaking high-energy atomic bonds, mandating the 
need for high energy photon irradiation, i.e., ultraviolet light. 

The high energy (E h h
c

EM = =n
l

 where v is the EM radia-

tion frequency, λ the wavelength of the light, and c the speed 
of light) in pulsed ultraviolet light provides potentially the 
most powerful mechanism available to break-up calcium 
based solid structures. In most cases, the energy require-
ments for ultraviolet laser light generation also define the 
stimulated emission process. The high excitation energy 
requirements for ultraviolet laser light can primarily be 
achieved under pulsed conditions, since the intermittent pro-
cess of energy storage yields the required threshold for exci-
tation of the medium. Fluorescence at short wavelengths  
may not be maintained for extended periods for excitation in 
the laser light generation process.

In this chapter the primarily focus will be on pulsed events 
with a time-resolved mechanism-of-action for ablation, spe-
cifically geared to ultraviolet irradiation. The alternating 
nature of ablation is directly correlated to pulsatile nature of 
the irradiation used for plaque removal. When the photon 
energy is high enough to break molecular bonds the net 
result is formation of microscopic plasma. The physics of the 
plasma formation has complex fluid-dynamic and engineer-
ing implications.

The exact energy conversion will depend on the photon 
energy and thus the irradiation wavelength as well as on the 
biological medium in the direct path of the photon stream. 
Residual and secondary thermal effects may also be involved 
due to heat dissipation, convection and conduction. This 
causes vaporization of the liquid media within the irradiated 
volume and potential boundary layers, specifically water due 
to the lower vaporization heat with respect to proteins and fat 
of the cellular construction. Photodisruption is achieved by 
pulsed laser ablation, in this case utilizing the short wave-
length ultraviolet EM-radiation. Conversely, vaporization 
can be achieved with both pulsed and steady-state laser irra-
diation across the full visible and infrared spectrum.

Tissue, thrombus and plaque vaporization creates expand-
ing bubbles that subsequently collapse, creating microjets 
and shockwaves that cause destructive mechanisms when 
near a boundary [13]. The bubble phases are outlined in 
Fig. 2.3. These processes form the mechanical constituents 
of the cavitation phenomena during plaque ablation.

 Laser and Light Propagation

The main aspect of laser ablation is associated with the wave-
length of the irradiating light and the physical interaction at the 
atomic and  bulk material scale, respectively. For bulk biologi-
cal media, the individual tissues in the target volume can be 

Fig 2.3 Schematic representation of the various phases in the fluid- 
dynamics aspects of bubble evolution. The stage of micro-jet formation 
produces a forceful flow of debris that will impact both the catheter tip 
as well as the remaining plaque, respectively thrombus. The micro-jet 
formed under the ablation of calcified plaque has a size distribution of 
microscopic particles that will chip away on the epoxy fixation for the 
fiber-optics in the distal tip of the catheter. The toriodal bubble is one 
particular configuration for the cavitation process, as illustrated in 
Fig. 2.2a, the bubble is wider than long
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represented by their respective spectral attenuation profiles, 
prescribing the primary absorption wavelengths for volumetric 
thermal effects. However, it is virtually impossible to predict 
the exact chemical composition within the plaque and the 
three-dimensional chemical configuration; even when in-situ 
high-resolution imaging would become available. At the 
microscopic scale there is molecular binding, yielding the 
requirements for dissociation energy (hd

i, the latent heat of dis-
sociation for the respective tissues ℓ in the tissue volume). The 
requirement of breaking molecular bonds specifies the upper 
threshold for the sanctioned wavelength and associated energy 
that matches or exceeds the energy of the chemical bond: 
E h Ebond= >n , where v is the frequency of the light (which 
may have a band-width: Δv) [14].

The amount of energy that can be deposited in a specific 
volume of tissue will depend on laser-light spot-size which 
yields the energy-density of the electromagnetic radiation on 
the surface of the target medium, as well as a range of tissue 
conditions and operating parameters (e.g., pulse-width, rep-
etition frequency, and focal area) in addition to the EM 
wavelength. The spatial light-distribution inside the tissues 
will provide the location specific probability of light absorp-
tion, defined by the local absorption coefficient (μa). The 
volumetric light-distribution is a function of all the tissue 
optical properties: including the scattering coefficient (μs) 
and scattering angle (θ), represented by the scattering anisot-
ropy factor: g = cos ,q  that indicates the mean cosine of 
the bulk scattering angle distribution profile. Various tissues 
have distinctive and unique optical parameters. The magni-
tude of the amount of light is a function of both the electric 
field amplitude and the magnetic field amplitude, expressed 
as fluence or radiance. In any given location, the locally 
delivered light-fluence will be absorbed with appropriate 
thermal and photo-chemical effects as a function of position 
within the irradiated volume and the local tissue 
constituents.

 Mechanism of Delivery

In laser assisted atherectomy the use of fiber-optics allows 
for achieving microscopic delivery precision as well as 
micro-positioning for targeted ablation. Catheters are 
designed with fiber-optics bundles consisting of groupings of 
fibers of one or more individual diameters, ranging from sev-
eral micrometers to several hundred micrometers [15–17]. A 
representation of the fiber-optic bundle at the catheter tip is 
illustrated in Fig. 2.4. The fiber-optic diameter will place 
restrictions on the smallest radius of curvature with increas-
ing diameter. Based on the application the fiber-optic diam-
eter will be selected for tortuosity to maneuver through small 
curvy blood-vessels, or target high energy density during 
relatively straight vessel geometry with large diameter and 
large number of fiber-optics. The catheter will also provide a 

core lumen that is void from fiber-optics, designed to advance 
a guide-wire through the vasculature under fluoroscopic 
guidance. The specifics of the fiber-optic annulus at the cath-
eter tip will provide special boundary conditions, and in turn, 
cause inherent limitations to the ablation process that will 
need to be understood on a structural basis but falls outside 
the context of this chapter.

 Light-Tissue Interaction

The light distribution in a scattering medium can be gener-
ally described by the Equation of Radiative Transfer. The 
Equation of Radiative Transfer is concerned with a three- 
dimensional energy density distribution as a function of the 
distribution profile administered to the surface of a tissue 
volume. The influence of the local optical properties of all 
the tissues and materials encountered in both plaque and ves-
sel wall and thrombus in this case is outlined in Chap. 16 (R. 
Splinter). The theoretical analysis in the case of Chap. 16 (R. 
Splinter) however primarily addresses the scenario where 
scattering dominates over absorption, primarily in the long 
wavelength range of red and infra-red radiation. When the 
absorption dominates scattering, the theoretical evaluation of 
the light-distribution reduces to a linear decay function with 
distance, known as the Beer-Lambert law of attenuation [14]. 
Absorption dominated light-tissue interaction occurs in so-
called short wavelength  atherectomy, especially in the ultra-
violet as well as at specific spectral attenuation peaks 
associated with relevant molecular signatures.

Fig 2.4 Diagram of the distal tip design of the catheter. A multitude of 
fiber-optic light-guides are held in a fixed location with respect to each 
other for mechanical stability and predictable optical delivery 
configuration
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The absorption dominated interaction of electromagnetic 
radiation can be explained on a molecular level, based on a 
partial or specific match between either the molecular kinet-
ics, or on the binding energy with respect to the wavelength 
specific energy.

 Light Propagation Under Dominant 
Absorption

When absorption is much greater than scattering the light 
distribution inside a turbid medium is dramatically reduced 
in complexity. This situation is certainly valid for ultraviolet 
light irradiation of biological media. In the wavelength range 
below 400 nm, absorption is much greater than scattering. 
For instance, for muscle the absorption is at least 1.5 times 
larger than scattering at 400 nm and 3 times larger at 308 nm 
[18], further increasing for shorter wavelength. Under these 
conditions, the light fluence (Ψ(z)) can be described by a one 
dimensional exponential attenuation proportional to the dis-
tance (the Beer – Lambert law): Y Y mz e a z( ) = −

0 .
The light profile in this case depends on the fiber-optic 

placement and arrangement in the catheter in question. 
Generally, the light profile will be considered as uniform 
across the catheter diameter as a “top-hat”, with equal radi-
ance across the diameter of the face of the catheter in contact 
with the target area [14].

 Laser Light Mediated Atherectomy 
Mechanisms and Applications

When ultraviolet laser energy is deposited in a tissue, there are 
four types of effects that contribute to the ablation process:

• Vaporization
• Thermoelastic expansion
• Plasma formation
• Spallation and Cavitation

There is supporting evidence that UV ablation requires 
“priming” of the treatment area. Ultraviolet irradiation of tis-
sues has been documented to increase the attenuation at the 
irradiation wavelength more than two-fold [19]. This phenom-
enon has been confirmed under laboratory conditions using 
high-speed video [20–22]. During 308 nm excimer laser irra-
diation, the very first pulse has little or no ablative effect, i.e., 
relatively small tissue vapor bubble, not much greater in free 
liquid than the spot-size of the delivery catheter or with bubble 
totally absent, whereas the subsequent pulses, delivered rou-
tinely at a rate of 80 pulses per second, show bubble formation 
of significant volume, growing to more than twice the diame-
ter of the irradiated area [19], as illustrated in Fig. 2.2a.

 Vaporization

As the temperature of a tissue is raised by pulsed laser radia-
tion, the water in the tissue can vaporize. Vaporization 
 processes can occur in three different ways: surface evapora-
tion, subsurface explosive vaporization, and explosive 
expansion of superheated fluid.

 Pulsed Vaporization
The rate of tissue removal as a function of irradiation fluence 
can be defined as the ablation velocity (vabℓ) which can be 

written as: v
L

wabl
abl

= 0¢  [14]. The vaporization ablation depth 

for soft tissue, d per pulse follows from the integral over the 
portion of the pulse duration (tp) over which the ablation 

process occurs; d
L t

w
dt

t

t

abl

p

=
( )

=
∫
0 0

¢
. The point in time, t0, 

denotes when the ablation threshold energy, Eth is reached. 
The actual pulse duration is longer than tp, by the “pre-warm-
ing time” needed to reach the boiling point of a minimum 
tissue volume. Combined with the absorbed incident total 
irradiation power density μaL0 ' within first order approxima-
tion (i.e., instantaneous removal) of the ablation depth can be 

written as: d
L E

w
a th

abl

=
−m ¢0 . The radiant energy deposited at 

depth d follows from Beer-Lambert’s law of attenuation. As 
discussed above, the theoretical soft- tissue ablation depth is 
only reached when the deposited energy at depth d exceeds 
the threshold. Therefore, we find: L d E R L eth

da( ) > = ( )1 0− −m ,  
where R denotes the loss- factor that includes the coupling 
efficiency into the tissue, which actually increases with the 
proximity of the delivery fiber-optic [14].

Due to the short duration excimer laser pulse of ~200 ns, 
the thermal conduction loss is considered negligible during 
the exposure. This provides a quasi- steady state situation in 
first order approximation with soft tissue volume removal per 

pulse (VPV): V
A L E

wPV
a th

abl

=
−( )m ¢0 . In this derivation, the sur-

face area (A) is taken to be equal to the area of the distal tip 
of the catheter. For a thermally confined pulse rate, the abla-
tion processes can be seen as short (continuous and in equi-
librium) ablation steps. The expelled volume (Vabℓ) is 

computed using: V
A L

Eabl
a

a

th

=








m

m ¢t
ln  [14].

The size of the bubble with respect to the ablated volume is 
difficult to infer since there are many boundary conditions 
involved that influence the final volume. In a coarse approxi-
mation, the number of molecules in the ablated volume (n) can 
serve as the indication of the gas volume based on the ideal 

Gas Law: V
n

P
R Tgas= , where T is the temperature of the 
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bubble vapor which can be in excess of the vaporization tem-
perature, depending on the processes involved and the super-
heating effects under confined, ‘pressurized heating’ i.e., 
pressure-cooker. The number of moles, n, denotes all the con-
stituents in the vapor bubble, P the pressure in the bubble 
resulting from the surface  tension applied by the  surrounding 
solid and liquid media (Laplace Law). The Universal Gas con-

stant is: R =8.314 J
Kmolgas

, and the volume of the sphere is 

V r t= ( )( )4

3

3
p , with r(t) describing the time-dependent 

 bubble radius [12, 23, 24].
In general, for excimer laser ablation, the pulse delivery 

sequence (i.e. pulse interval t p p→ ) is longer than the thermal 
relaxation time (τr) and hence each pulse can be treated as a 
unique event [12, 25, 26]. This in particular true for excimer 
pulsing rates of 80 Hz or less.

 Surface Evaporation
Vapor can be formed at the surface, subsequently the liquid 
evaporates from the surface. Such surface evaporation can 
dissociate the superficial layers of a tissue. The rate of vapor-
ization is an indicator for the rate of energy deposition in the 
tissue surface. In the case of ultraviolet laser irradiation the 
light is strongly absorbed by tissue and facilitates surface 
evaporation. For an incident laser pulse radiant exposure 

L J
m2







, the evaporation, expressed as the escaping mass 

of water per unit area of surface m kg
mevap 2







, is about 

m L
Qevap

vap
= . The heat of vaporization of water (Qvap) at 

100 °C is 2 259 106. × J
kg .

To illustrate desiccation, consider a laser pulse that heats the 
surface of a tissue from 37 to 100 °C, ∆T = (100–37) = 63 °C. In 
this case, there is no explosive vaporization but there is sufficient 
heat to drive surface evaporation. However, the temperature 
does not need to be elevated to the boiling point for vaporization 
to commence. The temperature rise can be evaluated as follows: 
Let the optical penetration depth of light be 20 μm 
( ma cm= −300 1 ; which is a typical value for tissue when using 
an excimer laser operating at 308 nm). The radiant exposure to 

achieve this temperature rise amounts to ∆T c mJ
cm

v

a

r
m

= 527 2

.For complete absorption of all the laser energy, the mass of 
evaporated soft tissue will result in an approximate removal 
depth of 10 μm. This estimate will apply to thrombus and soft 
plaque, however calcified plaque has very low water content, 
and will require the vaporization of fatty and soft tissues next to 
calcified structures, with much higher energy requirements.

 Subsurface Explosive Vaporization
As the light is absorbed below the surface and if surface 
cooling were to prevent the surface layer to evaporate, then 
the subsurface vapor pressure builds until it overcomes the 
surface tension of the tissue. Rapid vapor expansion subse-
quently disrupts the tissue [27]. Only a small amount of 
water vapor is needed to cause tissue disruption. A 10–30 °C 
excess temperature in pure water can evaporate 2–6 % of the 
water. Just a small fraction of the cellular water is converted 
to vapor, and this small amount is sufficient to cause disrup-
tive vaporization in the tissue. For example, the threshold 
temperature for explosive disruption of red blood cells is 
about 125 °C [28, 29]. When targeting a medium which 
shows absorption peaks, the energy requirements will 
become less, as would be the case involving melanin. The 
threshold temperature for explosive disruption of melano-
somes by a pulsed laser is about 112 °C [29]. Melanosomes 
are an animal cell constituent that host the process for chemi-
cal amalgamation, production and storage of melanin. The 
melanosomes also provide the transport mechanism for 
melanin.

 Thermoelastic Expansion

Energy deposition raises the temperature of the tissue by, 

D
m
r

T
H

c
a

v

=  [°C]. This temperature rise causes thermoelas-

tic expansion of the tissue expressed as strain (εstrain) which 
is the change in length (Δℓ) normalized by the initial length 
(ℓ), e D

strain = l
l

. The strain is related to the temperature 

rise, e bDstrain T=  [dimensionless], where β is the thermal 
expansivity [ K −1 ]. The stress (or pressure) generated by 

this strain is expressed as P M stress= s , where s stress
n=

dF

dA
 

is the normal stress, and M is the bulk modulus [J/m3] that 
specifies the pressure per unit strain. In summary, the pres-
sure exerted by thermoelastic expansion is: P= HGrun aG m&&  
where, ΓGrün is a dimensionless parameter called the 
Grüneisen coefficient that specifies the fraction of thermal 
energy deposition that couples into mechanical energy [14]. 
The value of ΓGrün varies with the type of material, the tem-
perature, and the rate of heating. The Grüneisen coefficient: 
ΓGrün, of water at room temperature is about 0.12, meaning 
that about 12 % of thermal energy deposited by a 200-ns-
pulse laser in biological tissues couples into mechanical 
energy. For reference, 1 J/m3 of  pressure equals 1 Pascal 
[Pa], and 105 Pa equals about 1 bar [bar] or 1 atmosphere. 
Figure 2.2 illustrates evolution of the expansion and modes 
of crack propagation.
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Based on this model, only a modest temperature rise 
occurs subsequent to pulsed laser irradiation than can create 
significant pressures via thermoelastic expansion. Of course, 
by means of focusing lenses the pressure of the thermoelastic 
expansion can easily be modified and manipulated.

To achieve the maximum amount of pressure, the laser 
pulse energy must be deposited in the target tissue volume 
faster than the speed of sound at which dissipation of 
mechanical energy occurs from the irradiated volume. 
Pressure waves propagate away from the volume at the speed 
of sound in the medium, although higher shock speeds can 
be measured for smaller time delays from the laser pulse that 
generates the ablation, the ablation. The concept of deposit-
ing energy faster than the speed of sound is referred to as 
stress confinement. The portion of the laser pulse duration 
(after accomplishing the initial ‘warm-up’ to reach ablation 
threshold), tp [s], required to achieve stress confinement in a 
tissue volume whose size is characterized by a length d[m] 

(representative of the laser interaction depth) is: t <
d

vp
s

, 

where vs [m/s] is the velocity of sound in the tissue. The 
value of vs for water is 1480 m/s, and values for soft tissues 
are similar. In solid media, the speed of sound will be larger. 
The speed of sound characterizes the propagation of pressure 
wave, which causes bubble formation. If the laser pulse is 

significantly longer than 
d

vs
, the pressure dissipates faster 

than it can accumulate. Also, the maximum pressure is not 
achieved for significantly longer pulses. For an excimer laser 
with a pulse-width of 200 ns, the interaction depth will in 
this case need to be greater than 10 μm. Once a laser pulse 
has deposited  pressure under stress-confined conditions, the 
pressure will propagate away from the heated volume at the 
speed of sound as a p ressure wave.

 Plasma Formation

Plasma is an ionized substance that is not quite a liquid nor a 
solid and in laser ablation processes a “cloud” of free elec-
trons occurs in a “cloud” of free- electrons in a medium [30, 
31]. When either the photon energy exceeds the molecular 
bounding energy of the target or when the irradiance of a 
pulsed laser on a tissue exceeds 1000 W/m2 (or 107 W/cm2), 
optical breakdown can occur and a plasma is formed. For an 
excimer laser with 200 ns pulse width, producing in excess of 
200 mJ⁄pulse, the fiber-optic delivered radiance for a single 
fiber can be of the order of 80 mJ⁄mm2. In terms of irradiance 
this would equal 4 × 1010 W/cm2. In terms of power density, a 
bundle of 100 fiber-optic strands can sustain 4 × 107 W/cm2. 
Excimer laser ablation can hence form a micro-plasma at the 
tip of the catheter with a depth of less than a few micrometers. 

This laser ablation process is usually called photodisruption. 
The photodisruption process is an electromechanical mecha-
nism. Excimer lasers emit photons with energy of the order of 
covalent bonding energies. The shorter the excimer laser 
wavelength, the higher the energy per photon and, 
 consequently, stronger molecular bonds can be broken. 
Additionally, focusing a pulsed laser will achieve high peak 
irradiances in the focus. One particular mode of pulsed laser 
delivery includes femtosecond pulse width laser radiation. 
The pulse width is short enough to confine a larger photonic 
power, and for a 200 femtosecond pulse-width and 10–100 nJ 
per pulse, laser irradiation can achieve similar peak power in 
comparison to a 200 nanosecond laser pulse at 10–100 mJ, 
such as available from a 308 nm excimer laser device.

The rapid expansion of the plasma induces a rapidly expand-
ing bubble that subsequently collapses to produce extreme pres-
sure fluctuations. The process of plasma formation is significant, 
but compared to thermal relaxation times, it constitutes a rela-
tively short aspect of excimer photochemical ablation.

 Spallation and Cavitation

Cavitation is defined as a sudden expansion (e.g., mechanical 
deformation or vapor bubble; nucleation) or decrease in vol-
ume (collapse) resulting in an exertion of forces on the 
boundary media and materials.

As tensile pressure develops in a tissue after a laser expo-
sure, there is a limit to the tensile pressure that a tissue can 
sustain without rupture. When this limit is exceeded, the tissue 
will “break”. This process is in principle similar to a rubber 
band that has been stretched too far. In solids, such material 
breakdown involves a process of initial void  formation and 
subsequent void growth usually along a plane of fracture. 
This process is called spallation [32, 33]. In liquids, such a 
breakage causes the initiation and growth of a bubble [34].

The combined effects of all four mechanisms effects of all 
four mechanisms (i.e., vaporization, expansion, plasma forma-
tion, spallation and cavitation) cause bubble formation, with 
associated fluid-dynamic aspect of material dispersion. The 
bubble process is described in the next section.

 Bubble Formation

The aqueous nature of most soft tissues (e.g. thrombus and 
fatty plaque) makes it likely that cavitation bubbles are form-
ing rather than spallation planes. In contrast, calcified plaque 
will invoke spallation. The threshold for cavitation bubbles 
in water is affected by the purity of the water. For not rigor-
ously pure water, the threshold pressure is about 8 bar, or 
8 × 105 Pa, which requires an initial temperature jump of 
3.2 K (T = 2P

cGrun vG
) where GGrun = 0.12 , ρ = 1000 kg⁄m3, 
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c = kJ
mv 4.184 3  and P = 8 × 105 Pa, and the tensile pressure 

achieves half of the initial maximum compressive pressure 
initially. A relatively small temperature jump is required to 
cavitate water. The threshold tensile pressure for cavitation 
after a 12 K temperature rise in a 10 % collagen gel is about 
8 × 105 Pa [35]. With increasing mechanical strength, the 
threshold for cavitation in a medium or tissue increases. 
Cavitation has been observed photographically in the cornea 
of the eye during LASIC surgery, when a temperature jump 
of 40 K is induced by a 10-ns pulsed laser [36, 37]. Therefore, 
it is possible to have cavitation using pulsed laser induced 
temperature jumps that do not cause the tissue temperature to 
reach or exceed 373.16 K (the boiling point of water).

Surface tension at the tissue vapor – blood field interface 
provides a mechanism that will form the bubble configuration; 
the sphere has the greatest potential for holding energy due to 
the fact that it has the largest volume with respect to the small-
est surface area, adhering to the cohesion forces in the enclos-
ing liquid medium [27]. On an ideal fluid/liquid stress level, in 
classical description, the material must continually flow or 
deform, when subjected to any shear stress. A polar fluid, such 
as blood (or liquefied fat from the plaque), does not behave 
this way, it can withstand shear stress. Viscoelastic and 
Bingham plastic fluids, such as blood and lipids, can withstand 
shear stress to a threshold level. Another good example is liq-
uid cement (a typically Bingham plastic), which will not 
deform unless a yield stress is reached before it will flow. The 
polar behavior of the fluid and the liquid both will influence 
the velocity potential and vorticity of a liquid in motion where 
polarity during expansion couples to the stress tensor while 
generating torques that will need to be accounted for in the 
equation of motion. The Equation of Motion can be used to 
solve for the development of the vaporization and cavitation 
bubble, and the inherent time related radial expansion effects 

(
∂
∂







r

t r
r

,  both magnitude and rate of change) as a function of 

location (
r
r ) in the vicinity of the delivered energy. Surface 

tension in the surface of a bubble will confine a medium by 
force, hence the vapor pressure inside the bubble will always 
be greater that the outside partial pressure or liquid/solid 
medium internal cohesion force. The surface tension for a 
single surface (bubble) is defined by the Laplace law [27].

For all cases of cavitation, vaporization, plasma formation 
and spallation, a bubble is often formed which expands to its 
maximum diameter that subsequently collapses to a point 
with very high pressure. This collapse process is very disrup-
tive to the material at the surface of the bubble (i.e. cavita-
tion). During the bubble collapse the yield stress is higher 
due to the greater rate of change. The process of bubble col-
lapse is an important mechanism for tissue disruption.

 Flow and Cavitation Processes

 Mechanisms Associated with Bubble Expanse 
and Collapse in Ablation Process

The cavitation process is accompanied by shear waves that 
are described by the Wave-Equation with associated propa-
gation of effects [11, 13, 38, 39]. The wave-equation will 
provide a solution for the longitudinal acoustic displacement 
wave. The interaction of the bubble surface with the tissue 
surface with which it makes contact will result in shear-stress 
and strain. Depending on the material properties the wave 
can be critically damped, but under certain conditions the 
wave pattern may range to undamped (under the rare condi-
tion of super-fluidity). The collapse of a spherical bubble can 
be associated with a Kinetic Energy (KE) that is a function of 
the rate of change over time (t) of the bubble radius (r = r t

r ( ) , 

which is location specific over the bubble surface) expressed 

as &r =
dr t

dt
( ) , with respect to the initial radius r0 (note: this 

is the bubble surface velocity as a function of location) with 
associated internal pressure P1, defined using the bubble 
vapor density as a function of time r r= r,t

r( )  expressed as: 

KE = r,t r r start finish P r r02
4

3
3 2

1
3 3pr - p -r

&( )  → ( ) . The 

rate of change in bubble radius is a source function in the 
acoustic effects contributing to the fluid-dynamic aspects of 
the ablation process. The velocity distribution forms the 
basis of the velocity potential [13, 39]. The velocity potential 
is a three-dimensional matrix that forms the basis for the 
location and severity of vortex formation. The formation of 
vortices in the ablation flow generates additional velocity 
gradients that contribute to the disruptive forces acting on the 
plaque. As an indication of the order of magnitude of the 
bubble surface velocity we can consider a 2 mm radius bub-
ble collapsing within a 10 μs time-frame (note: the bubble 
formation is a mechanical event that is orders of magnitude 
greater than the laser pulse duration), yielding a first order 
approximation of velocity in the 200 m

s  range (note that 
Mach-1 in air equals 334 m

s
, whereas in water 

v m
ssound =1522  at body temperature).

However, it is the rate of change that determines the 
impact rather than the averaged result. The term KEfinish on 
the right-hand side can be used for an order of magnitude 
estimation (merely of anecdotal importance). The nature of 
the bubble collapse is rather complex, specifically when con-
sidering the ionized plasma created during an ablation pro-
cess or when condensation occurs during the size reduction 
of the bubble, this is referred to as the Stirling effect [12, 24, 
40, 41]. During condensation the density of the vapor bubble 
changes and hence other conservation laws need to be 
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included in the theoretical evaluation process. After initial 
expansion resulting from an energy source (i.e. laser irradia-
tion) applied in a Dirac-delta-distribution profile [42, 43], the 
bubble collapses and rebounds several times. The number of 
oscillations will depend on the elastic condition and form a 
critically damped mechanical wave (i.e. acoustic wave) with 
rapidly decreasing amplitude [44]. The rate of change in 
bubble diameter can be described as an asymmetric wave- 
phenomenon. Due to the fact that the bubble collapse pro-
gresses faster than the expansion, a Fourier transform [45] of 
the resonant bubble will reveal a broad acoustic spectrum. 
The frequency spectrum of the bubble growth will be a func-
tion of the local elastic moduli of all materials in the bound-
ary as well as the full  three-dimensional geometry of the 
plaque with respect to the vessel wall, next to the laser pulse 
duration (i.e. source) and the irradiated area with associated 
point-spread function [46]. The wave-function for pressure in 
the bubble with respect to the radius and rate of change in the 
radius (r) is described by the Rayleigh-Plesset equation 

rr + r = P P P t 4
r

r r
stress&& &&

&&3
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 [47], where 

&&r= dr
d t

2

2  and η the viscosity [48]. The solution to the 

Rayleigh-Plesset equation for the bubble wall-motion as a 

function of time is of the form: r t = R
t t

t
( ) 
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, where t* 

is the time frame of total collapse and Ro a constant. The sum 

of viscous stress, proportional to: 4 1h &r
r t t

∝
* −

, and the sur-

face tension, proportional to s stress

r t t
∝ 1

2
5* −( )

, will both 

diverge at a slower rate than the inertial (i.e. p mvinertia = , the 

inertia) forces, proportional to F =
dp

dt t t
∝ 1

2
5* −( )

, making 

the inertial aspect the dominant factor in the cavitation pro-
cess. The pressure inside the bubble at this point obeys the 
adiabatic equation of state. In the adiabatic process the pres-
sure diverges as: P r t tg

g∝ ∝− −
−( )3g * 2

. Here we use the fact 

that for a mono-atomic ideal gas g g = 5

3
. Assuming the special 

case of adiabatic expansion/collapse the rate of change is cap-

tured by a surface velocity equivalent (i.e. v P
s ′ =







1
r ; 

“constant” parameter with the dimensions of velocity) in 

second order derivative rr r v
R
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, where γa 

represents the adiabatic factor. The adiabatic factor is defined 

as the ratio of the specific heat (hsp) with respect to the gas in 
two phases of the rarefaction versus expansion processes: 

h Q
m Tsp = D

, describing the heat (Q) required for changing 

the temperature (T) of a mass (m) by 1 K, all. This provides 

for the cavitation inertia: 
p m
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The pressure (P) and density (ρ) are related as follows: 
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, assuming a constant “surface velocity” 

(“ṙ”). The velocity at the time approaching total collapse (t*) 
approaches a divergent value. During the collapse at one point 
the thermal diffusion rate is too slow, trapping the heat in the 
collapsing bubble. This singularity is the main feature that 
contributes to the cavitation damage during ultra-violet pulsed 
laser ablation. The collapsing bubble confining the trapped 
energy causes sound generation and may also cause a flash of 
light resulting from conversion of energy (luminescence; viz. 
sonoluminescence) [7, 49]. Note that light is the result of 
accelerated charges. The electron plasma formed during the 
tight collapse will reach high acceleration for ions and elec-
trons to produce visible light. The rate of heat exchange of the 
bubble to the surrounding liquid medium is primarily subject 

to the Nusselt number ( N =
convective heat -

conductive heat -
u

transfer

transfer
) 

[25, 26] of the system. The net force (F) exerted by the cavitation 

process at any specific point in the collapse is directly propor-
tional to the momentary change in kinetic energy (W KE= D , 
i.e. the work) over the distance traveled by the surface of the 
bubble captured by incremental delta in radius (Δr): W = F rD . 
This yields for the cavitation force (Fcav) exerted by the expand-
ing, respectively collapsing bubble on the surrounding media: 

F KE
r C V

r
t r rcav bubble cav= = ∂

∂
( ) +
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where Vbubbℓe is the bubble volume, with Abubbℓe the bubble  

surface; τcav the cavitation time, C
R

r

a

= 




−

0

3g

 a constant, and 

a rate of change in density & rr r
r,t

t
( ) = ∂

∂
, which represents a 

three-dimensional time dependent density gradient that con-
tributes to the flow pattern [13, 50]. The respective rate of 
change in bubble radius and gaseous bubble volume is faster 
during collapse (cavitation) than during expansion (Fig. 2.2). 
The rate of change is the dominant factor and illustrates  
that the forces on the surrounding medium are dominating 
during cavitation. In order to obtain an order of magnitude  
approximation for the cavitation force (Fcav)  
the expression for kinetic energy is used: 

KE start finish P R r R P Pmax
u ruuuuuuuuuuu 4

3

4

31 0
3 3 3p p−( ) = −( )0 v

 and 

F r = KEcavD D  which technically needs to written as differen-
tial function due to the continuous change in equilibrium  
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conditions: ∂ ( ) ( )
∂ ∂

= ∂
∂ ∂

2 2F t r t

t r

KE

t r
, which can be solved for 

well-defined boundary conditions in discrete steps only [51]. 
Using the 4 mm diameter (maximum expansion before onset 
of cavitation, assuming liquid medium. Note: under solid- state 
ablation the bubble diameter will be significantly smaller) 
bubble resulting from a laser pulse emitted from a 2.0 mm 
catheter with a time of collapse in the order of 
t m Dcav s s t≈ = =−10 10 5  the discrete one step approximation 
yields a cavitation force in the order of F Ncavitation ∝10 3− , 
operating on a microscopic scale.

The bubble cavitation in second order approximation 
yields a velocity of the bubble surface in the order of 103 m

s  
(reaching the Mach velocity), more than five orders greater 
than the first order approximation, illustrating the magnitude 
of the momentum during cavitation with its destructive 
impact on the surrounding media.

Unfortunately (from a theoretical point) during catheter 
based ablation, the bubble will not be spherical nor symmet-
ric and the process can preferably be approached using finite 
element simulation, where Rmax is the first maximum radius, 
P0 the minimum pressure and Pv the vapor pressure at tem-
perature T [41, 44].

Energy dissipated during the cavitation bubble collapse 
close to a solid wall is derived here using the ideal Gas Law: 
P=

n

V
R Tgas , where the volume of the sphere is  

V r t= ( )( )4

3

3
π , T is the temperature of the bubble vapor, 

r(t) the time-dependent bubble radius, n the number of moles 
of all the constituents in the vapor bubble and the Universal 
Gas constant: R J

Kmolgas = 8 3144621. , which conforms to 

the expression KE = nR Tgas

3

2
. This provides for the average 

force estimation: F nR
T

r tgas=
( )

3

2 τ
, with τ the duration of 

the expanse/collapse. The number of moles affected can, in 
theory, be derived from the absorbed light energy over the 
duration of the laser pulse using the latent heat of vaporiza-
tion (hv) for the composite medium of plaque, where the 
absorbed fraction is related to the Grüneisen factor (coeffi-
cient) for the mixture of tissues. The volumetric rate-of- 
change time can be measured (rather, inferred from ex-vivo 
high-speed video imaging under idealized conditions) as is 
the maximum bubble radius, whereas the maximum temper-
ature in the core of the bubble can be approximated from 
empirical data depending on the ablation source and bound-
ary conditions (but remains relatively undefined) [24, 52]. 
The interaction between two molecules is often represented 
by the Lennard-Jones 6-12 formula [53].

The shear-stress and strain caused by the bubble dynamics 
on the plaque as well as the vessel wall are described as follows 
[41, 54]. The normal stress exerted by the bubble on the adjacent 

tissues of the resident plaque is: s anorm F A F A
u ruuuu r r

= • = * cos , 

where A is the contact area in the direction normal to the sur-
face, indicated by the normal vector to the surface; defined 
as the dot-product. In the dot- product the greatest magnitude 
is achieved when the vectors line up, where α represents the 
angle between the normal to the surface and the direction of 
the local force. The local force has a different direction at 
every location due to the asymmetry of the bubble and the 
geometry of the medium. This yields an approximate normal-
stress on the surrounding plaque of s norm Nm

u ruuuu
= −10 8 2 ,  but it 

is the rate of change in stress produced by the fluid-dynamics 
of the cavitation of the bubble that provides the ultimate fac-
tor determining the impact of the stress on the surrounding 
media [55]. The turbulence obtained at the bubble surface cre-
ates a mechanism referred to as the Jaumann stress rate, which 
involves calculation of the rotation of the stress and this falls 
outside the current topics under discussion [55]. Practical evi-
dence has been provided illustrating the power of demolition 
of resilient structures, including calcified plaque by means of 
the stress at the cavitation bubble surface.

The shear-stress in the tissue surrounding the bubble is: 

s e gshear shear
Y

poisson

shear shearF A
E

G
u ruuuu r r

= × =
+( ) =2 1 v ;  where 

r r
F A×  

is the cross-product, in direction perpendicular to both vectors, 
following from the right-hand-rule [42], where εshear the shear 
strain, Gshear is the shear modulus of the tissue under deforma-
tion, EY the Young’s modulus of the tissue, and vPoisson the tissue 
composition specific ‘Poisson Ratio’, and the shear-strain 

g D bshear

x= =
l

tan , where β the deformation angle [52].
The deformation strain (εshear) acting in the plaques sur-

rounding the bubble is defined as the angular change of a 
boundary with respect to the rest position, e.g. from square to 
diamond shape. Strain also applies on a molecular scale or 
molecular matrix rather and can be torsional as well as linear. 
For the macroscopic contact surface this is the spherical 
 outline of the bubble with initial and final diameter Di and Df 

respectively: e
p

pshear

f i

i

D D

D
=

−( )
 [52].

When the normal-stress applied by the bubble exceeds the 
shear-stress in the plaque the medium will be demolished, 
generating crack-propagation.

The ablation process is intended to break molecular bonds 
next to vaporization, specifically for complex structures. 
This bond breaking mechanism is inherent to the excimer 
UV radiation. The molecular cohesion of the tissue (Ftissue, 
force between two molecules) is a direct function of the 
molecular potential energy (Umoℓec) with distance (r(t)): 

F
U

r ttissue
molec=

∂
∂ ( )

 [24]. The interaction between two mole-

cules is often represented by the Lennard-Jones 6–12 for-
mula [44, 53, 56]. The surface tension: Tsurface, and the 
spallation forces, including the inherent shear-stress 

(s eshear bubble surface shear
Y

poi

F A
E

v

u ruuuu r u ruuuuuuuuuu
= × =

+2 1 ssson( ) ) interacting 

with the molecular binding forces provides the mechanism 
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of ablation on a microscopic level. The surface tension fol-
lows from the Laplace equation (also referenced as Young- 

Laplace equation): DP T
r rsurface= +









4

1 1

1 2

, where ΔP the 

pressure gradient over the surface, and r1, respectively r2 the 
orthogonal primary axis of an ellipsoid [11, 13, 38, 39]. 
Hence when the applied forces exceed the internal forces the 
bond-breaking process will take place, which in this case 
also involve the (polar) covalent bonds in the liquid and solid 
phases, next to the complex molecular structures, including 
calcium bonds.

 Optimization in Cavitation with Respect 
to the Ablation Process

The bubble collapse has a much shorter rate of change than 
the expansion phase, therefore, the cavitation is more likely 
to break solid material for ablative removal than the laser 
bubble formation. The pattern of collapse and rebound of a 
cavitation bubble near a rigid boundary can be modeled in 
two acoustic cycles. [57].

The ideal cavitation conditions required to obtain maxi-
mum depth and volume of material removed under cavitation 
depend on the correlation between the bubble surface and the 
surface of the plaque [58]. The ratio between the size of the 
bubble and the distance to the vessel boundary will have an 
 optimum, where Sseparation is the distance from the center of 
the bubble to the boundary and Rmax is the maximum radius 
of the bubble. The optimum is based on the ratio: 

g bubble
separation

max

S

R
= . Usually one finds that a large bubble in 

close proximity to the vessel-wall will have the greatest 
potential for damage; g bubble < 0 3. . In contrast, a small 
 bubble at large distance (i.e. in the center of a large vessel) 
will have the smallest potential to induce damage, hence for 
g bubble > 2 21.  the impact of the bubble is negligible. 
Experimentally a resonance effect was found to provide opti-
mal ablation efficiency in the approximate range 
1 2 1 4. .< <g bubble  and g bubble ≤ 0 3.  [58]. The latter condition 
would be at a distance of the fiber-optics to the plaque sur-
face much smaller than the bubble radius, but not necessarily 
in direct contact.

 Fluid-Dynamics in Vascular Flow 
and with Respect to the Ablation Process

Under a perfectly straight uniform vessel configuration the 
blood-flow will be symmetric according to a Non-Newtonian 
liquid. Under bifurcation and curvature in the vessel structure the 
flow will become turbulent under its own boundary conditions. 
Similarly, a stenosis will introduce asymmetry and induced 

turbulence in a specific manner that is unique to the configura-
tion of the vessel structure and the outline of the plaque. Under 
conditions of a total occlusion there will be no blood flow. The 
ablation process with excimer laser radiation, and resulting 
microscopic flow will be much more forceful than the standard 
flow conditions until the vessel diameter drops below a thresh-
old ratio of catheter diameter to vessel diameter, and the abla-
tion bubble may experience a degree of deformation based on 
the local flow-velocity. This can partially be attributed to the 
shorter time-frame of the excimer ablation event. Additionally 
the ablation bubble  process occurs during an at least 3 orders of 
magnitude shorter time-scale than the periodicity of the flow, 
which will make the bubble flow phenomena more pronounced 
than the blood-flow interference. In light of these conditions the 
bubble flow can be treated separately.

 Crack Propagation

A point of (theoretical) importance in the ablation of plaque is 
the demolition process of the rigid or semi-rigid plaque or 
thrombus structure after the bubble has formed. The bubble 
may break, causing formation of crack due to the plaque sur-
face tension. A crack may form under various conditions, spe-
cifically in locations where there is a discontinuity in the 
surface tension that extends over long enough regions, or 
where the gradient in surface tension has a minimum. A dis-
continuity will generally involve the joining face of two sepa-
rate materials, or an impurity with respect to an otherwise 
relatively homogeneous volume. These material features can 
be classified as fracture toughness or plasticity [59]. Additional 
factors involve the material structure directly underneath the 
“weak-point” where the elastic modulus is lower than the 
adjacent volume to support the initiation of a crack. The length 
and depth of the crack is a direct function of the cavitation 
force. Note that the crack formation and crack-growth is a 
three-dimensional phenomenon, with three-dimensional 
boundary conditions, such as the proximity to the vessel wall 
and the respective locations of calcified structures.

Any crack formed as a result of the cavitation process will 
allow liquid (i.e. blood) to seep in and provide an environ-
ment with lower ablation threshold than the solid structure. 
Specifically calcified plaque may benefit from crack- 
propagation, since this will macroscopically break down a 
structure that is hard to remove in a layer-by-layer fashion 
and has high energy requirements.

Additionally, soft tissue may naturally be embedded in fis-
sures within the calcified plaque, also requiring a lower energy 
for ablation. Both blood vaporization and soft tissue disruption 
will form a bubble that, in turn, facilitates the crack propagation 
and the disintegration of the solid plaque composite medium. 
The process of crack formation distinguishes three specific 
types of crack propagation, also illustrated in Fig. 2.5. The three 
means are (I) opening mode, (II) sliding mode, and (III) tearing 
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mode [59]. The exact mode of disintegration strongly depends 
on the tissue structure, including weak points in the matrix of 
plaque materials as well as the 3-dimensional shear applied by 
the expanding bubble. In most cases the breakdown of plaque 
will proceed in a mixed mode of deformation and demolition. 
The crack forming mode(s) may as well be subject to resonance 
effects due to the confined space of atherosclerotic plaque and 
elastic nature of materials and boundaries.

The rate of tear is generally unpredictable, depending on 
the local distribution of elastic moduli and respective force 
distribution resulting from cavitation, elastic confinement 
and inhomogeneity [60]. The details of crack propagation 
fall outside the specific context of this chapter and may be 
deferred to a later theoretical treatment.

 Fluid-dynamics and Cather Advancement

Catheter ablation utilizes a catheter that is continuously 
advanced in anticipation of plaque clearing through the abla-
tion process. The forward motion of the catheter requires 
attempting to move the catheter at a steady forward motion 
and maintain a constant advancement speed. The forward 
motion will require the application of a relatively constant 
force. The forward force will result in a close-contact 
between the distal tip of the catheter and the uneven and 
likely slanted face of the plaque.

 Recoil

Due to the formation of an ablation bubble while the catheter 
is in close contact with the plaque, the catheter will  experience 
recoil that is a function of the applied forward motion force, 

the energy of the delivered laser pulse, the geometry of the 
target material as well as the flexibility of the catheter. The 
size of the catheter and the packing density of fiber- optics 
will provide the basis for the rigid nature of the catheter. The 
respective core size of the fiber-optic packing will also con-
tribute to the compliance of the catheter.

All these factors yield a complex (theoretical) platform in 
defining or predicting the true shape and evolution of the 
spallation bubble. In general the catheter tip will experience 
some form of displacement (viz. recoil) resulting from the 
bubble formation [61]. The catheter tip may move side-ways 
or backwards and may even gyrate. The ultimate tip move-
ment will be a combination of the three displacement mecha-
nisms. This process repeats itself during each ablation cycle.

 Bubble Shape

Due to the compression at the catheter tip the generation of 
the ablation bubble will most likely not form a perfect sphere, 
as assumed in the majority of the technical description. The 
bubble may even take the shape of a torus. All these factors 
create deviations from the idealized theoretical model dis-
cussed in this chapter.

 Soft Tissue/Thrombosis

Soft tissue will require the least amount of energy for vapor-
ization and may hence generate a relatively large bubble. The 
soft tissue and thrombus itself will be compliant and may 
deform under the bubble expansion itself.

 Calcified Plaque

The cavitation forces that are produced during the bubble 
process have been shown to exert enough force to disso-
ciate complex calcium molecular structures with tight 
binding forces. The process of calcium break-up is an 
important factor in the success of laser assisted 
atherectomy.

One additional factor that comes with the destruction 
of calcified plaque is de formation of debris. The bubble 
formation in calcified plaque will include debris contain-
ing calcium rich particles. The bubble expansion and 
cavitation process, with the imbedded solid material 
debris, will impact the surface of distal catheter tip 
(Fig. 2.4), in the form of a micro-jet (Fig. 2.3). This 
debris fluid-dynamic process will result in erosion of the 
epoxy that is designed to make the fiber-optic placement 
a rigid pattern while simultaneously protect the fibers 
from moving with respect to each other laterally. When 
the fibers are free to move they will move and contact 

Fig 2.5 Modes of crack propagation that can occur individually or in 
combination with three degree of freedom. The three modes of tearing 
are (I) opening mode, where a wedge is formed; (II) sliding mode, mak-
ing a segment perform a longitudinal translation motion with respect to 
a more rigid segment; and (III) tearing mode, in this mode the medium 
tears laterally. All the modes of tissue movement are a function of the 
bubble shape, the phase of the bubble and the three-dimensional distri-
bution of Yong’s modulus within the plaque material
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each-other (chatter) during the acoustic process, and this 
may eventually lead to fiber breakage. The broken fiber- 
optics will reduce the total radiance at the tip and will 
result in an asymmetric irradiation pattern. The resulting 
disproportionateness of irradiation causes asymmetric 
bubble shape formation as well as affects the crack- 
propagation mode of operation.

In general there is a delicate balance between the advance-
ment force and the material that is the target. Soft tissue, and 
specifically thrombus, will ablate in larger quantities than 
calcified plaque.

In all cases the use of excessive force on the catheter 
applied by the operator will change the fluid-dynamic aspects 
of the ablation process and may have disadvantages in the 
ablation process. Due to the confinement of the bubble under 
applied forward force (i.e. continuous advancement), espe-
cially in targeting soft plaque and thrombus, the crack- 
propagation process is modified with addition phenomena 
that will need to be addressed, such as the increased risk of 
vessel dissection. Since the plaque is an integral part of the 
vessel wall the crack propagation will always take the path of 
least resistance, which can be the media, or the adventitia of 
the vessel wall, depending on the penetration of the chemical 
changes in cellular composition associated with the plaque 
growth process.

 Conclusions

The fluid-dynamic aspects of laser assisted atherectomy 
form a complex engineering aspect in the clinical process 
of blood-flow restoration. Certain optimal operating condi-
tions can be described based on idealized theoretical con-
ditions that can assist in the design of atherectomy devices 
as well as providing guidance on the application methods. 
The formation of a tissue vapor bubble comes with spall-
ation and cavitation that provide a secondary mechanism-
of-action to remove and break-up various types of plaque 
of complex chemical composition. The fluid-dynamics of 
the cavitation process can be shown to provide sufficient 
force to break strong molecular bonds, specifically with 
respect to the clinical challenge of calcified plaque. 
Excimer laser photo ablation has been shown to be the 
most effective in clearing calcified plaque compared to all 
other available techniques of mechanical and chemical 
ablation.
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 Appendix: Ablation Threshold

The ablation threshold for a specific medium will place con-
straints on the energy requirements which depend both on 
the irradiation wavelength and magnitude (i.e. fluence: 

Y w
p

r r u ruuuuu r r r
r s r s t, , ,( ) = ( ) = ( )∫L z s L d

4

′ , where L
r r
r, s, t( )  is the 

time dependent radiance, 
r
s  represent the net direction of 

propagation, 
r
r  the location in the volume, and ω the solid 

angle). Considering only vaporization in the ablation process 
the ablation energy is the sum of the heat requirement to 
bring the medium to the boiling point ( E = mc Tb vD ) and the 
vaporization energy ( E mhv v= ); when considering sublima-
tion of solids only the sublimation energy is considered [14]:
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Where DT T Tb= − 0  is the temperature rise from steady 
state (T0) to vaporization temperature (Tb), hv equals the latent 
heat of vaporization for the medium, cv is the specific heat of 
the medium, and m is the mass that can be evaporated based 
on the light absorbed in the volume. This will provide the 
threshold fluence: Ψth with respect to the required ablation 
energy (Eabℓ) in the tissue to achieve vaporization. The abla-
tion energy density then becomes: w h c Tabl v v= +( )r D , for 
tissue density ρ. Note, this does not set the requirements for 
molecular bond-breaking, specifically for chemical matrices 
incorporating calcium.

As an indication of the nature of ablation of various 
materials in plaque the following parameters illustrate the 
nature of the various processes. The specific heat for water 

is c J
molKv,H O2

= 75 28. , where 1 mol of water equals 18 g, 

while the sublimation heat for unbound calcium is 
h kJ

molv,Ca =179 3. , compared to the vaporization heat for 

water of h kJ
g

kJ
molv,H O2

= =40 7 2 257. . , while for a gen-

eralized lipid (butter) the specific heat and vaporization 
heat are respectively c J

gKv,lipid = 2 4.  and h kJ
gv,lipid = 38  

[62]. The nature of calcified plaque initiates different 
requirements, specifically for braking up calcium, which 
will need to occur at the molecular level. The bond-dissoci-
ation energy for a mol of calcium in chemical connection 
with various elements (oxygen, fluorine, chlorine, etc.) on a 
single scale is on average h kJ

molv,Ca = 565  (NSRDS-NBS 
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31 1970) while the calcium matrix in calcified plaque is 
much more complex than a calcium connection with a sin-
gle element.
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      Excimer Coronary Laser Atherectomy 
During Percutaneous Coronary 
Intervention of Complex Lesions: 
Balloon Failures, Chronic Total 
Occlusions and Under-Expanded Stents       

     Omar     A.     Rana      ,     Suneel     Talwar      , and     Peter     O’Kane     

            Introduction 

 Over the last several decades, the average life span of an adult 
in the western world has increased [ 1 ]. In fact, the proportion 
of the very elderly (≥80 years) is expected to rise the fastest 
[ 1 ]. As a consequence, more elderly patients with more com-
plex coronary lesions are being treated with percutaneous 
coronary intervention (PCI) by interventional cardiologists, 
particularly in high volume PCI centres [ 2 ]. Typically such 
lesions are calcifi ed and frequently may be either non-cross-
able or non-dilatable with standard angioplasty balloons and 
techniques [ 3 ]. Often additional adjunctive equipment and 
skill sets are required for success in this cohort of cases. 

 Furthermore, the evidence for treatment of chronic total 
occlusions (CTO) and achieving full revascularization is 
more robust in the current era with the result that more oper-
ators are taking on these challenging cases [ 4 ,  5 ]. CTOs 
occur more commonly in older patients and in those patients 
who have been previously treated with coronary artery 
bypass graft (CABG) surgery [ 6 ]. They are usually associ-
ated with at least moderate calcifi cation making it more 
likely that the operator may encounter diffi culty in complet-
ing the PCI even if successful with wiring of the vessel. 
Recently, development of the CTO PCI algorithm has seen 
major advances in techniques to achieve higher overall suc-
cess rates with utilization of anterograde-dissection re-entry 
and retrograde approaches (Fig.  3.1 ) [ 6 – 8 ]. However, even 
in experienced hands there occasionally remains the frustra-
tion of being unable to complete the PCI having spent a sig-
nifi cant time to achieve a distal wire position across the 
occlusion and despite having applied a variety of advanced 
technical methods and devices.

   The purpose of this review is to examine to role of excimer 
laser coronary atherectomy (ELCA) as an adjunctive technique 
during PCI of balloon failure cases and CTOs. ELCA will be 
examined in the context of the alternative techniques available 
and the potential utilization will be demonstrated in a number of 
clinical cases. The expanding experience of ELCA in the treat-
ment of under expanded stents will also be discussed.  

    Balloon Failure and Techniques to Achieve 
PCI Success Including Excimer Laser 
Coronary Atherectomy 

 The failure to cross or expand a coronary stenosis with an 
angioplasty balloon is often associated with immediate tech-
nical failure, incomplete revascularization and complica-
tions. Failure of a pre-dilatation balloon to either cross 
(non-crossable) or fully dilate a stenosis with a balloon (non- 
dilatable) are highest when there is a heavy infi ltration of 
calcium within the lesion, particularly when this is concen-
tric and deep into the intima. 

 To defi ne balloon failure in the context of complex lesions 
we describe potentially four cohorts of clinical scenarios 
(Fig.  3.2 ). Firstly lesions that can be crossed with a guide 
wire and where there is TIMI 3 fl ow in the distal vessel in 
contrast to the second group where there is TIMI 0 fl ow i.e. 
there is a CTO. Similarly, group 3 consist of lesions occur-
ring in vessels with TIMI 3 fl ow where a balloon can be 
advanced across but subsequently fails to fully expand with 
group 4 represented by failed balloon expansion in CTOs.

   Adequate lesion preparation and debulking are consid-
ered mandatory in the drug eluting stent (DES) era to ensure 
procedural success, target lesion revascularization (TVR) 
and facilitate stent expansion with suffi cient wall apposition 
to reduce the incidence of late stent thrombosis (ST) [ 9 ]. The 
most commonly used device for heavily calcifi ed coronary 
lesions and non-dilatable lesions is rotational atherectomy 
(RA) [ 10 ]. Perhaps it is not surprising that this device has 
seen a surge in uptake over the last few years [ 11 – 16 ]. 
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 Other alternatives include upsizing the guide catheter for 
more rigidity and selection of a catheter shaped to provide 
more support from the contra-lateral wall of the aortic root or 
a deep-seated positioning of the guide catheter into the ves-
sel. Another option is the utilization of the GuideLiner TM  
catheter (Vascular Solutions, Minneapolis, USA) which can 
be advanced right up to the lesion as necessary to facilitate 
lesion balloon crossing and then onto the distal vessel for 
subsequent stent delivery [ 17 ]. 

 The anchor balloon technique can be useful to assist pas-
sage of balloon or micro-catheter across the lesion, but success 
is variable and traditionally dependent on a suitably sized 
(>1.5 mm diameter) branch to position the anchor balloon. 
When the primary problem is failure of balloon expansion, 
Cutting balloons and double-coated balloons (Schwager, 
Medica AG, Winterthur, Switzerland) are other devices which 
can successfully dilate lesions where conventional semi- and 
non-compliant balloons have failed although these devices are 
often diffi cult to deliver owing to the crossing profi le [ 18 – 20 ]. 

Finally, the use of microcatheters for example, Corsair TM  
microcatheter (Asahi Intecc Co. Ltd, Aichi, Japan) or Tornus TM  
(Asahi Intecc, Aichi, Japan) is also a viable option [ 21 ]. 

 As an alternative to the aforementioned techniques in 
dealing with balloon failure cases including CTOs, ELCA 
has a long established history when balloon failure occurs 
due to mild-moderate calcifi cation [ 22 – 25 ]. As will be set 
out in greater detail within this Chapter, a major advantage 
of ELCA is that the catheter is deliverable using the standard 
0.014′ guidewire and therefore, unlike RA, it can be utilized 
more readily when a CTO has been crossed with whichever 
0.014′ guidewire selected by the operator. Furthermore, the 
technique itself is relatively simple to master and more easily 
adoptable by most PCI operators when compared to RA 
(Table  3.1 ) [ 26 ,  27 ]. From a cost perspective, use of upstream 
ELCA when confronted with balloon failure cases may be 
advantageous compared to the aforementioned  strategies of 
multiple balloons, guidewires, microcatheters and specialist 
devices such as Tornus.

No No

YesYes

1.  Proximal cap ambiguity

Dual injection

Anterograde Retrograde

Lesion length > 20 mm

Anterograde
wire escalation

Finecross, Corsair
Tornus, Guideliner

ELCA

ELCA +/– RA

Non-dilatable
with balloon

Non-crossable
with balloon

Retrograde
wire escalation

Dissection
and Re-entry

Dissection
and Re-entry

2.  Distal vessel poorly visible

3.  Good collateral supply

  Fig. 3.1    Algorithm to schematically depict various approaches to treat a chronic total occlusion.  ELCA  excimer laser coronary atherectomy,  RA  
rotational atherectomy       
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a b
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  Fig. 3.2    Cohort of lesions where excimer laser coronary atherectomy 
would be appropriate. ( a ) Non-crossable lesion with TIMI III fl ow dis-
tally. ( b ) Non-crossable lesion with TIMI 0 fl ow distally. The distal artery 

is visualised through the collaterals following a contralateral injection 
into the left coronary system. ( c ) Non-dilatable lesion with TIMI III fl ow 
distally. ( d ) Non-dilatable lesion ( arrow ) with TIMI 0 fl ow distally       

   Table 3.1    Comparison between Excimer Laser Coronary Atherectomy (ELCA) and Rotational Atherectomy (RA)   

 Feature  ELCA  RA 

 Size of catheters (mm)  0.9, 1.4, 1.7 and 2.0  1.25, 1.5, 1.75, 2.0, 2.5 

 Compatibility with French size (F)  6 F: 0.9 and 1.4 mm 
 8 F: 1.7 and 2.0 mm 

 6 F: 1.25 and 1.5 mm 
 8 F: 1.75 and 2.0 mm 
 9 F: 2.5 mm 

 Dedicated wire required  No  Yes 

 Dedicated wire length  Standard guidewire  325 cm 

 Mechanism  Photothermal ablation  Differential cutting 

 Training required  ++  ++++ 

 Severe calcifi cation  Not effective  Effective 

 Machine console  Large  Small 

 Air supply set up  Not needed  Needed 

 Eye protection  Needed  Not needed 

 Complications  Dissection 
 Perforation 

 Ischemia 
 Slow fl ow/no refl ow 
 Perforation 
 Burr entrapment 
 Wire fracture 
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       Basic Principles and Laser-Plaque 
Interactions 

 Since the discovery of LASER (Light Amplifi cation by 
Stimulated Emission of Radiation) in the early twentieth 
century, this technology has gained widespread acceptance 
in the medical fi eld [ 28 ]. Available medical laser devices 
contain laser-based generators which produce intense elec-
tromagnetic energy to stimulate an active medium which 
results in the emission of monochromatic light of a specifi c 
wavelength. At an atomic level, the electromagnetic energy 
is used to stimulate electrons to elevate them to a state of 
higher energy. Subsequently, as the electrons return to their 
baseline low-energy levels, protons are released which form 
the basis of the monochromatic light emission. This is the 
basis of ELCA [ 26 ]. 

 The CVX-300 cardiovascular laser excimer system 
(Spectranetics, Colorado Springs, CO, USA) uses Xenon 
chloride (XeCl) as the active medium. Consequently, the light 
emitted is pulsed and lies in the ultraviolet B (UVB) region of 
the spectrum with a wavelength of 308 nm and a tissue pen-
etration depth between 30 and 50 microns. This shallow 
absorption depth limits medial and adventitial tissue damage 
in standard PCI. Signifi cant thermal ablation is avoided 
because of the pulsed delivery of high energy pulses which 
last only a fraction of a second. The number of pulses emitted 
during a 1 s period is known as the ‘pulse repetition rate’. The 
duration of each pulse is termed a ‘pulse width’, which can be 
modifi ed according to the nature of the treated lesion. 

 Tissue breakdown via photo-ablation occurs in three 
steps. Firstly, rapid UV light absorption occurs resulting in 
severing of carbon-carbon bonds, with subsequent dissipa-
tion of energy. This energy dissipation leads to evaporation 
of intracellular water to produce a steam bubble that advances 
ahead of the laser catheter. Tissue breakdown occurs due to 
rapid expansion and contraction of these steam bubbles. The 
threshold energy required for the penetration of UV light into 
the surrounding tissue and the subsequent creation of a steam 
bubble is called ‘fl uence’ (range: 30–80 mJ/mm 2 ). High 
pulse energy delivery is more effi cacious in managing calci-
fi ed lesions. The resultant debris particles are <10 microns in 
diameter with minimal risk of distal embolization [ 26 ].  

    ELCA Technique 

 ELCA catheters are compatible with a standard 0.014 ′  guide-
wire and are available in 4 diameters for use in the coronary 
artery 0.9 mm, 1.4 mm, 1.7 mm, and 2.0 mm sizes. The 
larger diameter devices (1.7 mm and 2.0 mm catheters) are 
primarily used in straight sections of large diameter vessels 
for example saphenous vein grafts. They require 7 F and 8 F 
guide catheters respectively. Both the 0.9 mm and 1.4 mm 

are 6 F compatible catheters but only the 0.9 mm, X-80 
ELCA catheter is routinely used in balloon failure and CTO 
cases because of its excellent deliverability and high power 
and repetition rate settings. The 0.9 mm catheter contains 65 
fi bres of 50 μm diameter each and the radio-opaque marker 
on this catheter is set back from the tip making the device 
extremely deliverable (Fig.  3.3 ).

   In balloon failure cases, this rapid-exchange ELCA cath-
eter is advanced to the lesion and, during continuous saline 
fl ush, lasing commences with gentle, slow, forward traction 
of the catheter. As the pulsed ultraviolet light emitted has a 
shallow penetration depth there is a low risk of dissection 
and vessel perforation. However, it is imperative to advance 
the catheter slowly and cautiously when dealing with very 
resistant lesions. Often in these cases there is a tendency for 
even a supportive guide catheter to “back out” of the coro-
nary artery, which would prevent saline from reaching the 
point of laser-plaque interaction, and potentially increase the 
risk of complications. 

 When dealing with CTO lesions, it is advisable not to use 
the saline technique for several reasons. Often when crossing 
the CTO with a guidewire a section of the guidewire passage 
may be outside the true lumen of the vessel. Any anterograde 
injection may result in propagation of a dissection plane and 
ultimately result in a longer length of stenting if not immedi-
ate no-refl ow phenomena. Furthermore the saline infusion is 
unlikely to reach the intended target given the lack of run off 
from the lesion and will be therefore ineffective. It is also 
likely that using ELCA without saline in this setting will per-
mit greater energy at the proximal or distal cap of the occlu-
sion ultimately facilitating the ELCA effect [ 29 ]. 

 It should be noted that ELCA is not ideally recommended 
when the operator is aware that there is a long length of sub- 
intimal guidewire positioning as may occur during a typical 
anterograde dissection re-entry case. ELCA catheters are 
relatively indiscriminate in performing tissue ablation and 
will essentially ‘modify’ any tissue in their fi eld of delivery. 
Within the sub-intimal space the catheter would lie in closer 
proximity to the media and adventitia of the vessel which 
may cause perforation. 

 For non-crossable and non-expansile lesions whether or 
not in the context of CTO, the highly deliverable 0.9 mm 
X-80 catheter is favoured with maximum fl uence (energy) 
80 mJ/mm 2  and repetition rate 80 Hz attainable. Activation 
of 10 s is followed by a mandatory rest of 5 s between each 
lasing period, which is continued until either the catheter has 
traversed the lesion, or suffi cient lesion modifi cation has 
occurred to permit balloon crossing or expansion. 

 As mentioned above, the major advantage of ELCA is 
that as the catheter is utilized on the standard 0.014′ guide-
wire and so unlike RA, it can be operational more readily 
without the requirement to exchange wires. This becomes 
of particular importance during CTO cases since it prevents 
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any potential loss of distal wire position once the lesion has 
been crossed. Once ELCA has successfully traversed the 
lesion the case can be completed with balloon angioplasty 
and stenting. Alternatively, ELCA may provide the pilot 
channel to permit passage of a RotaWire TM  either indepen-
dently or with the assistance of a microcatheter to fi rst deb-
ulk the artery with RA before balloon dilation and fi nal 
stenting. We have described and previously reported the 
combined use of ELCA and RA as the “RASER” technique 
(see cases  9 ,  10 ,  11 ,  12 ) [ 30 ]. 

 Lesions that cannot be treated with RA initially, due to 
an inability to advance a RotaWire TM , can fi rst be treated 
with ELCA with the understanding that the device will not 
fully debulk the lesion to permit stenting. However, the 
“pilot hole” created by ELCA can then be used to pass a 
RotaWire TM , either independently or via a microcatheter 
exchange technique, to permit subsequent RA and achieve 
procedural success.  

    ELCA for Non-dilatable Lesions and Chronic 
Total Occlusions 

 ELCA may have additional benefi cial properties than simply 
being able to cross or adequately debulk the resistant lesion. 
The ablative effect will be transmitted across the atheroscle-
rotic plaque, any organised thrombus, fi brosis and  calcifi cation 
which comprise the main architecture of a CTO. During recan-
alization attempts, the friable thrombus may induce platelet 
aggregation and promote the release of vasoconstrictor agents. 
This leads to a pro-thrombotic milieu that present an additional 
challenge to an already technically demanding procedure. 
ELCA has a suppressive effect on platelet aggregation and can 
sever links within the fi brin mesh leading to clot dissolution 
[ 30 – 32 ]. ELCA is unlikely to have any signifi cant effect on the 
calcifi cation within a lesion but the ablation of material 
 supporting the calcifi ed plaque weakens the overall lesion to 
permit successful balloon traversing and expansion. 

0.014” Guidewire lumen

a b c

f

e

d

Guidewire port

Radiopaque marker

Tip OD 038”

65 fibres of 50 mm diameter

Proximal coupler

9 cm

  Fig. 3.3    Principles and equipment for excimer laser coronary atherectomy. ( a-c ) Principles to demonstrate how laser ablates tissue. ( d ) Laser 
machine. ( e ) A laser catheter is seen advancing through a coronary stenosis. ( f ) Parts of a laser catheter       
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 ELCA was fi rst approved for use in cases of balloon fail-
ure during PCI in the USA in 1992 by the U.S. Food and 
Drug Administration. There is, however, little data on its use, 
particularly in contemporary practice. There are several case 
reports of its use for balloon failure in the balloon angio-
plasty era [ 24 ,  25 ]. In addition, the percutaneous ELCA 
(PELCA) multicentre registry enrolled 37 patients with bal-
loon failure (24 with failure of balloon to dilate and 14 with 
failure to cross) from 1989 to 1993 [ 33 ]. The technology 
available at that time was limited to 1.4, 1.7 and 2.0 mm laser 
catheters and the laser energy delivered was much lower 
than current practice with a maximum of 60 fl uence and 
25 Hz. It was also prior to the introduction of continuous 
saline fl ushing during lasing, which has been shown to 
decrease complications [ 34 ]. Complication rates in these 
patients were high (8 % signifi cant dissection, 3 % perfora-
tion, 3 % acute stent thrombosis and 3 % emergency bypass 
surgery) and laser success rates were only 37 %, although 
clinical success was obtained in 89 %. 

 Advances in PCI (with improved wire and balloon tech-
nology, the near universal use of coronary stents and the 
introduction of various drug-eluting stents) have increased 
the range of indications for PCI and improved outcomes 
since the 1990s. There has been a resulting increase in case 
complexity. At the same time there have also been signifi cant 
advances in ELCA technology, particularly with the intro-
duction of a 0.9 mm laser catheter, an increase in the laser 
energies delivered and the use of a continuous saline fl ush 
system [ 34 – 36 ]. 

 Bilodeau et al. studied the novel 0.9 mm catheter and 
saline fl ush technique in 100 calcifi ed and complex lesions 
(including 35 in which there was primary “balloon failure” 
although this was not defi ned or analyzed independently) 
[ 22 ]. They also utilised higher laser energies and demon-
strated that increased laser energies increased laser success 
rates without an obvious increase in complications. In this 
study, overall laser and procedural success rates were over 
90 %. Complications included in-hospital death (2 %), myo-
cardial infarction (4 %) and coronary dissection (5 %). 

 Shen et al. have more recently reported a series of 33 
cases in which they utilized ELCA, although without the 
saline fl ush technique (including 21 patients with failure of 
balloon to cross, 15 in the context of CTOs) [ 25 ]. They 
reported a success rate of 90 % and no complications directly 
related to laser catheter treatment. 

 ELCA has a clearly established role in the treatment of 
non-dilatable lesions occurring due to mild-moderate cal-
cifi cation or non-crossable lesions .  However, despite an 
increase in the number of European PCI centres which 
have the ability to offer ELCA on site over the last 4 years, 
there is a paucity of data on the overall success rates of 
ELCA for balloon failure in patients undergoing contem-
porary PCI and particularly in CTOs [ 3 ,  29 ,  37 ]. In 

 addition, there is little guidance on the safety aspects. The 
latter is important given that previous studies using earlier 
generation ELCA equipment and techniques reported spe-
cifi c risks, including major coronary dissection (in up to 
5 % of cases) and coronary perforation (0.6 % of cases) 
[ 33 ,  38 ]. 

 Our group has recently published data from a 4-year 
retrospective analysis of ELCA cases performed follow-
ing balloon failure from our institute [ 3 ]. This has demon-
strated ELCA to be an effective and safe adjunctive 
treatment. We identifi ed 58 cases of balloon failure treated 
with ELCA ± rotational atherectomy (RA), representing 
0.84 % of all PCI performed in our centre during this 
period. Balloon failures were classifi ed according to: (1) 
mechanism of balloon failure; and (2) whether this 
occurred in the context of treating a CTO. ELCA was per-
formed following balloon failure using the CVX-300 
Excimer Laser System and a 0.9 mm catheter with saline 
fl ush. For the entire cohort, procedure success was 
achieved in 91 % (with ELCA successful: alone in 76.1 %, 
after RA failure in 6.8 % and in combination with RA for 
8.6 %). Only in one case did RA succeed where ELCA 
had failed. There were four procedure-related complica-
tions, including transient no-refl ow, side branch occlusion 
and two coronary perforations, of which one was directly 
attributable to ELCA and led to subsequent mortality 
(Table  3.2 ).

       ELCA in Under Expanded Stents 

 The ablative capabilities of ELCA are based on absorption of 
its energy in the atheroma, leading to photomechanical and 
photothermal processes. Using high power energy, the 0.9 
X-80 catheter has shown to cross even heavily calcifi ed 
lesions. Even if the target lesions are not directly in the focus 
of laser beam, the specifi c interaction of ELCA energy in 
blood vessels induces acoustic shock waves propagating 
onto the surrounding structures. 

 This effect becomes even more desirable when treating 
under expanded coronary stents. Under expanded coro-
nary stents pose a signifi cant risk for stent thrombosis and 
subsequent adverse clinical outcomes. There are very few 
case reports on the use successful use of ELCA to treat 
under expanded stents [ 20 ,  39 ]. In our experience, this is 
a very good indication, in the presence of calcifi c coro-
nary stenosis, for the use of ELCA [ 20 ]. The laser catheter 
ablates tissue underneath the stent allowing lesion modifi -
cation and subsequent expansion of an originally under 
expanded stent. Recently, the ELLEMENT registry has 
reported the successful use of ELCA in treating under 
expanded coronary stents in 28 patients [ 40 ]. Importantly, 
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a blood and contrast interface was utilized without saline 
infusion to enhance the dissipation of laser energy. Using 
quantitative coronary angiography and IVUS, it was noted 
that the minimal stent diameter increased by 63 % post 
ELCA. In addition, the cross-sectional area increased by 
two-fold following ELCA therapy. This translated into an 
overall success of 97 % (27 patients) with only one case 
of cardiac death and target lesion revascularization each at 
6 months.  

    Clinical Case Examples 

    Non-balloon Crossable Coronary Lesions 
with TIMI Three Distal Flow Fully Crossed 
with ELCA 

  Case 1 (Fig.  3.4 ) 
    A 65-year old male with an acute coronary syndrome (ACS) 
was admitted to our hospital. His cardiac enzymes were 

   Table 3.2    Patient and lesion characteristics in patients with chronic total occlusions or non-dilatable stenosis treated with excimer laser coronary 
atherectomy [ 3 ]   

 Total  Failed to cross  Failed to expand 

 TIMI 3  CTO  TIMI 3  CTO 

 Number  58  20  16  20  2 

 Patient  Age  72 ± 8.5  71 ± 7.5  71.1 ± 8.7  74 ± 9.2  71 ± 11.3 

 >75  50 %  7  7  14  1 

 Male  83.9 %  17  11  19  1 

 Vessel  LAD  25 %  2  3  11  0 

 RCA  46.4 %  9  10  7  1 

 LCX  28.5 %  9  3  2  1 

 Lesion  C  78.5 %  16  15  13  2 

 B2  16.2 %  3  1  5  0 

 B1  5.3 %  1  0  2  0 

 A  0  0  0  0  0 

 Length (mm)  44.1 ± 26.8  34.1 ± 22.1  64.5 ± 27.2  36.7 ± 21  57 ± 46.7 

 > mod calcium  82.1 %  16  15  14  2 

 > mod angle  20 %  3  1  4  1 

 Devices Used  ELCA alone-success  76.1 %  10  13  18  2 

 ELCA alone-failure  6.8 %  3  1  0  0 

 ELCA success after RA 
failure 

 6.8 %  3  0  1  0 

 RA success after ELCA 
failure 

 1.7 %  0  0  1  0 

 ELCA & RA 
combined – success 

 8.6 %  4  1  0  0 

 ELCA and RA 
combined – failure 

 1.7 %  0  1  0  0 

 Procedure  Transradial access  28  9  6  13  0 

 6 F Guide catheter  36  17  12  6  1 

 7 F Guide catheter  8  3  4  0  1 

 8 F Guide catheter  1  0  0  1  0 

 Mean number of 
balloons used 

 2.8  2.5  3.5  2.8  4.0 

 Pulses delivered  6698± 
 5496 

 10,700± 
 6575 

 4525± 
 2934 

 4997± 
 4094 

 3079± 
 1525 

 Contrast (ml)  270 ± 86  263 ± 105  283 ± 71  263 ± 72  280 ± 170 

 X-ray dose (μGy/m 2 )  11,196± 
 5826 

 11,625± 
 6698 

 11,734± 
 7198 

 9884± 
 3426 

 16,037± 
 5525 

 Procedure time (min)  109 ± 34.9  102 ± 27.5  126 ± 36.8  99 ± 35.8  138 ± 31.5 

 Outcome  Procedure success  91 %  89.4 % (17)  87.5 % (14)  100 % (20)  100 % (2) 

 Procedural 
complications 

 3  0  2  0  1 

 ELCA specifi c 
complications 

 1  1  0  0  0 
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raised and there were dynamic inferior ECG changes. An 
echocardiogram demonstrated well-preserved left ventricu-
lar systolic function. Subsequently, a coronary angiogram 
(CAG) revealed severe disease in the dominant right coro-
nary artery (RCA) with sub-total occlusion of the posterior 
descending artery (PDA). A BMW TM  (Abbott Vascular, Ill, 
USA) guidewire was easily advanced into the distal PDA but 
the lowest profi le balloon would not cross beyond the PDA 
ostium despite a Guideliner TM  (Vascular Solutions, MN, 
USA) advanced up to the lesion. The more proximal RCA 
was treated with 3 overlapping bare metal stents (3.5 × 
18 mm, 3.5 × 18 mm and 3.5 × 23 mm) Tsunami Gold TM  
(Terumo, Japan). Subsequently, an outpatient cardiac mag-
netic resonance imaging (MRI) was organised to establish 
whether there was signifi cant ischemia in the inferior wall 
subtended by the distal RCA. This proved to be the case, and 
he was scheduled to return for a further attempt at PCI to the 
PDA lesion. 

 At subsequent CAG from the right radial artery (RRA) in 
addition to the non-crossable PDA lesion, there was signifi -
cant ISR due to neointimal hyperplasia. The RCA was 
engaged with an AL 1.0 guide catheter and a Luge TM  (Boston 
Scientifi c, Natick, MA, USA), wire was advanced distally 
into the PDA. A Guideliner TM  catheter was again positioned 
at the PDA ostium to maximise support. A 0.9 mm X-80 laser 
catheter was delivered with six trains of 60 mJ/mm 2  at 60 Hz. 
However, during lasing he developed signifi cant ST segment 
changes necessitating the Guideliner TM  to be withdrawn back 
into the guide with a further seven trains of ELCA 80 mJ/
mm 2  at 80 Hz for a total time of 2 min until the catheter fully 
crossed the lesion. A 1.25 × 15 mm Ryujin TM  (Terumo 
Corporation, Shizuoka, Japan) balloon easily crossed the 
lesion and was followed by 2.0 × 12 mm and 2.5 × 12 mm 
Apex TM  (Boston Scientifi c, Natick, MA, USA) balloons 
which were observed to expand fully. Finally, 4 overlapping 
(2.25 × 12 mm, 2.75 × 20 mm, 3.5 × 20 and 3.5 × 24 mm) 
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  Fig. 3.4    Refer to case 1. ( a ) Shows the RCA with in-stent restenosis 
( arrows ) and a de novo lesion distally ( arrow head ). ( b ) A balloon is 
seen in the RCA ( arrow head ) and despite a Guideliner TM  the guide 

catheter is seen curling up in the aortic root. ( c ) The balloon cannot be 
advanced ( arrow ) and the guide catheter is seen to back out ( asterisk ). 
( d ) A Guideliner TM  is seen ( arrow ) with a laser catheter ( arrow head )       
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Promus Element TM  stents (Boston Scientifi c, Natick, MA, 
USA) were implanted and post-dilated with appropriately 
sized balloons to ensure adequate stent apposition angio-
graphically and using intravascular ultrasound (IVUS, 
EagleEye TM , Volcano Corp, CA, USA).   

    Non-balloon Crossable Coronary Lesions 
with TIMI 0 Distal Flow (CTO) Fully Crossed 
with ELCA 

  Case 2 (Fig.  3.5 ) 
    A 66-year old gentleman underwent elective PCI to a CTO 
of his RCA. He had CCS Class II angina status despite opti-
mal medical therapy (OMT) and had concomitant disease in 
the LAD and LCX. In addition, non-invasive imaging had 
revealed a large burden of ischemia in the RCA territory. 

Coronary artery bypass grafting (CABG) had been discussed 
with him but he had declined. 

 The CTO was located in the proximal RCA with a blunt 
stump and ambiguous proximal cap was with an adjacent side 
branch visible. The distal vessel was very well visualised from 
contra-lateral injections of the left coronary artery (LCA) 
which revealed a relatively short occlusion. The J-CTO score 
was calculated as 3 suggesting a complex lesion [ 6 ]. 

 Initially, a MiracleBros 3 TM  (Asahi Intecc, Aichi, Japan) 
guidewire penetrated the proximal cap but did not make further 
progress. With over the wire balloon support, a MiracleBros 
6 TM  (Asahi Intecc, Aichi, Japan) guide wire advanced through 
the lesion but would not exit the distal cap. A polymer-jack-
eted Pilot 150 (Abbott Vascular, Ill, USA) wire did however 
successfully puncture the distal cap and exited into the true 
lumen distally. Unfortunately, the lowest profi le balloons 
available including a 0.85 mm × 10 mm NIC Nano TM  balloon 
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  Fig. 3.5    Refer to case 2. ( a ) Demonstrates the CTO in RCA which 
appears to be heavily calcifi ed ( arrows ). ( b ) Failure to advance a low- 
profi le 0.85 × 10 mm balloon ( arrow ) across the CTO resulting in 
‘buckling’ of the guide-wire and disengagement of the guide-catheter 

( asterisk ). ( c ) 0.9 mm X-80 ELCA catheter is used to debulk the lesion 
following which a 2.5 × 20 mm balloon is used to pre-dilate the lesion 
( d ) and the fi nal result can be seen ( e )       
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(Vascular Perspectives, Manchester, UK) would not cross the 
lesion. The proximal branch was considered too small for an 
anchor balloon so therefore, ELCA was used with a 0.9 mm 
X-80 catheter advanced into the lesion. A total of 1966 pulses 
(eight trains) of 45 mJ/mm 2  at 25 Hz for a duration of 1:16 min 
was successful with the catheter fully crossing the lesion. Two 
overlapping 3.5 × 32 mm and 4.0 × 16 mm Taxus TM  (Boston 
Scientifi c, Natick, MA, USA) DES were deployed and post-
dilated with a 4.0 × 20 mm non-compliant balloon to ensure 
satisfactory stent expansion.  

  Case 3 (Fig.  3.6 ) 
    A 63-year old lady underwent PCI to the CTO of her LCX at 
our institute. Her cardiovascular risks included dyslipidae-
mia, peripheral vascular disease and a strong family history. 
She had recently presented with inferior Non-ST elevation 
MI (NSTEMI) and had undergone PCI to the dominant 
RCA. She continued to experience CCS class II angina 

despite being on OMT. An echocardiogram had revealed 
good left ventricular systolic function while an exercise tol-
erance test was strongly positive at a low-workload. 

 A left radial artery (LRA) approach for PCI was used. On 
CAG, the CTO had a blunt stump with some proximal cap 
ambiguity and there was moderate calcifi cation within the 
lesion with a J-CTO score of 2. A BMW TM  wire was advanced 
into the LAD for added guide catheter stability. Subsequently, 
the CTO was successfully crossed with a Fielder XT TM  wire. 
However, it proved impossible to cross the lesion with a 2.0 × 
20 mm Apex TM  or a 1.2 × 12 mm Mini Trek TM  (Abbott 
Vascular, Ill, USA) balloon. ELCA with a 0.9 mm X-80 laser 
catheter was therefore utilised delivering a cumulative of 2270 
pulses (6 trains) of 60 mJ/mm 2  at 40 Hz for 54 s. Subsequently, 
the lesion was successfully crossed and dilated sequentially 
with 1.2 × 12 mm Mini Trek TM  and 2.0 × 20 mm Apex TM  bal-
loons. Finally, using IVUS four overlapping Cypher Select TM  
(2.25 × 18 mm, 2.5 × 23 mm, 3.0 × 28 mm and 3.0 × 8 mm, 
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  Fig. 3.6    Refer to case 3. ( a ) A LCX CTO is successfully crossed with 
a Fielder XT TM  guide wire ( arrow ). ( b ) A 1.2 × 12 mm balloon cannot 
be advanced across ( asterisk ) the lesion. ( c ) A 0.9 mm X-80 ELCA 

 catheter is seen ( arrow ). ( d ) Following ELCA, balloon predilatation is 
successful. ( e ) Final stent result       
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Cordis Corporation, NJ, USA) DES were deployed back to the 
ostium and were post-dilated with 2.5 × 20 mm, 3.0 × 20 mm 
and 3.5 × 8 mm non-compliant balloons.  

  Case 4 (Fig.  3.7 ) 
    A 74-year old female underwent elective PCI to her RCA 
CTO at our hospital for CCS class III angina. Her past his-
tory included hypertension, cerebrovascular disease and 
good left ventricular function on echocardiography. The 
LCA was smooth and unobstructed. 

 An 8 F right femoral artery (RFA) approach was used 
with an 8 F AL0.75 engaged into the RCA and a 6 F JL 3.5 
catheter engaging the LCA via the RRA for contra-lateral 
injections. A Fielder XT TM  with Finecross TM  microcatheter 
support failed to penetrate the proximal cap of the occlusion 
which was subsequently crossed with a Pilot 200 TM  (Abbott 
Vascular, Ill, USA) guide wire. However, the lowest profi le 
balloons would not cross the CTO (2.5 × 20 mm Emerge TM , 
Ryujin TM  1.25 × 15 mm and an ACROSS CTO 1.1 × 10 mm) 

ELCA was undertaken using a 0.9 mm X-80 catheter and 
with delivery of 8336 pulses (11 trains) of 80 mJ/mm 2  at 
80 Hz for 1:43 min. The lesion could then easily be crossed 
and pre-dilated with 1.25 × 15 mm Ryujin TM , 2.5 × 12 mm 
Emerge TM , and 3.0 × 20 mm Quantum Apex TM  balloons. 
Finally, three overlapping DES with the aid of a Guideliner TM  
catheter (Biomatrix 3.5 × 36 mm, 3.5 × 24 and 4.0 × 14 mm 
stents) were delivered. The stents were post-dilated distally 
and proximally using a 3.75 × 20 mm and 4.5 × 8 mm non- 
compliant balloons respectively.   

    Non-balloon Crossable Coronary Lesions 
with TIMI 3 Distal Flow Partially Crossed 
with ELCA 

  Case 5 (Fig.  3.8 ) 
    A 65-year old male was admitted to his local hospital with a 
diagnosis of unstable angina. At the time of his original 
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  Fig. 3.7    Refer to case 4. ( a ) RCA CTO lesion is seen ( arrow ). ( b ) A 1.1 
× 10 mm balloon cannot cross the lesion ( arrow ) as the guide catheter 
is seen backing out ( asterisk ). ( c ) A 0.9 mm X-80 laser catheter is seen. 

( d ) Following ELCA, successful pre-dilatation was possible ( arrow ). 
( e ) Final stent result       
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CAG, the culprit lesion was considered to be in the mid 
RCA. However, this lesion proved non-crossable despite 
using multiple small profi le balloons including a 1.0 × 
10 mm Falcon TM  balloon (Medtronic, Interventional Vascular, 
CA, USA). Therefore, he was transferred to our centre for 
consideration of ELCA to modify and debulk the lesion. 

 The RCA was intubated with an ART4 guide catheter 
using a RRA approach. Although, a BMW TM  guide wire was 
easily able to cross the lesion, a 1.25 × 15 mm Ryujin TM  bal-
loon could not. As a result, ELCA with a 0.9 mm X-80 laser 
catheter was used to and deliver a total of 22,551 pulses (10 
trains) of 60 mJ/mm 2  at 40 Hz and subsequently at 80 mJ/
mm 2  and 80 Hz (24 trains) for 5:30 min. The ELCA catheter 
traversed approximately 75 % the length of the lesion but 
could not be advanced into the very distal vessel. However, 
it was still then possible to cross the lesion with a 1.5 × 
15 mm Apex TM , 3.0 × 20 mm Apex TM  and 3.0 × 10 mm 
Flexotome TM  cutting balloon to suffi ciently prepare the 

 vessel for stenting. Two overlapping DES were deployed 
into the RCA (3.0 × 20 mm and 3.5 × 24 mm Promus 
Element TM ) with post-dilation to complete the case.   

    Non-balloon Crossable Coronary Lesions 
with TIMI 0 Distal Flow (CTO) Partially Crossed 
with ELCA 

  Case 6 (Fig.  3.9 ) 
    A 68-year old male underwent primary PCI to his LCX for a 
lateral ST-elevation myocardial infarction (STEMI). His past 
medical history included treated hypertension and PCI to the 
LCX 10 years ago with two bare metal stents (2.75 × 18 mm 
Zeta TM  Multi-Link and 2.5 × 8 mm Pixel TM  Multi- Link, 
Abbott Vascular, Ill, USA). Using a RRA access and a JL3.5 
guide catheter it was noted that the LCX had occluded at the 
proximal end of the previous stent. 
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  Fig. 3.8    Refer to case 5. ( a ) A critical RCA lesion ( arrow ) is seen 
with  moderate calcifi cation which is magnifi ed in the in set. ( b ) A 1.25 
× 10 mm balloon cannot be advanced across the lesion ( arrow ). ( c ) 

A 0.9 mm X-80 ELCA catheter is used to lase the lesion ( arrow ). ( d ) A 
3.0 × 20 mm  balloon is used to pre-dilate the lesion. ( e ) Final stent 
result       
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 The occlusion was crossed using a Luge TM  guidewire, 
but the lesion could not be crossed using a 1.25 × 15 mm 
Ryujin TM  or 0.85 × 10 mm NIC Nano TM  balloon. ELCA 
was used with a 0.9 mm X-80 laser catheter. A total of 
8000 pulses of 60 mJ/mm 2  at 40 Hz for 3:10 min over 23 
trains was delivered. The ELCA catheter did not fully tra-
verse the occlusive lesion but was used intermittently 
interposed with low profi le balloons. Despite only partial 
ELCA crossing it was possible to eventually cross with a 
balloon and fully dilate the lesion sequentially with 0.85 × 
10 mm NIC Nano TM , 1.25 × 15 mm Ryujin TM  and 2.5 × 
20 mm Maverick TM  balloons (Boston Scientifi c, Natick 
MA, USA). Four overlapping DES were used to recon-
struct the LCX artery (2.75 × 13 mm, 3.0 × 13 mm, 3.5 × 
13 mm and 3.5 × 13 mm Cypher Select TM ).   

    Non-balloon Expansible Coronary Lesions 
with TIMI 3 Distal Flow 

  Case 7 (Fig.  3.10 ) 
    An 84-year old male underwent elective PCI to his LAD 

at our institute for stable angina. He had been treated with 
primary PCI to his RCA, 3 months prior to the current proce-
dure. It was noted at the time, that there was a severe mid 
LAD stenosis that did not appear calcifi ed. He continued to 
experience angina despite on OMT and had a positive ETT. 

 The procedure was performed trans-femorally using a 6 F 
EBU 3.5 guide catheter. A BMW TM  wire was advanced dis-
tally into the vessel. Pre-dilation of the LAD stenosis with a 
2.5 × 15 mm Apex TM  balloon was unsuccessful as the balloon 
did not fully expand and burst at 18 atmosphere. 
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  Fig. 3.9    Refer to case 6. ( a ) A CTO of the LCX artery is seen. ( b ) A 1.25 × 10 mm balloon cannot cross the lesion following successful advance-
ment of the guide wire ( arrow ). ( c ) A 0.9 mm X-80 ELCA catheter is used followed by ( d ) successful balloon pre-dilatation and ( e ) fi nal stent result       
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 Instead of further balloon dilation with larger diameter or 
non-complaint balloons, ELCA was undertaken. Only 2800 
pulses (5 trains) of 80 mJ/mm 2  at 80 Hz over a period of 50 s 
with a 0.9 mm X-80 laser catheter were necessary. Following 
this, a 2.5 × 15 mm Apex TM  balloon was positioned with full 
expansion of the balloon at 14 atmospheres. Two overlap-
ping DES to the LAD (3.0 × 20 mm and 3.0 × 8 mm Taxus TM  
stents) and a third back to the body of the LMS completed 
the PCI with an excellent fi nal angiographic result confi rmed 
on IVUS.   

    Non-balloon Expansible Coronary Lesions 
with TIMI 0 Distal Flow (CTO) 

  Case 8 (Fig.  3.11 ) 
    A 76-year old man underwent PCI to his LAD CTO at our 
centre. His cardiovascular risk factors included a previous 
myocardial infarction and hypertension. CAG confi rmed an 

occluded LAD and an inpatient MRI demonstrated that the 
LAD territory was viable with evidence of ischemia. Arterial 
access was obtained using a bi-femoral approach with a 7 F 
EBU 3.5 guide catheter for the LMS artery and a 6 F JR4 for 
the RCA. The CTO was short with a tapered end and moder-
ate amount of calcifi cation in the arterial wall. The LAD 
occlusion was attempted initially with a Sion TM  (Asahi 
Intecc, Aichi, Japan), Fielder XT TM  and MiracleBros 4.5 g TM  
(Asahi Intecc, Aichi, Japan) guidewires but these proved 
unsuccessful. Subsequently, the CTO was crossed with a 
Confi anza TM  9 g guidewire with a Corsair TM  microcatheter 
support. The lesion was pre-dilated with a 2.0 × 20 mm and 
2.5 × 20 mm non-compliant balloon but the lesion proved 
non-dilatable. Therefore, ELCA was performed with a 
0.9 mm X-80 catheter and 6000 pulses were delivered 6000 
pulses of 80 mJ/mm 2  at 80 Hz. Following this, a 2.5 × 20 mm 
balloon was easily expandable at 12 atmospheres. The LAD 
was treated with three overlapping DES (2.5 × 12 mm, 3.0 × 
20 mm and 3.5 × 28 mm Promus Element TM ). These were 
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  Fig. 3.10    Refer to case 7. ( a ) An LAD stenosis with moderate calcifi cation is seen. ( b ) A 2.5 × 15 mm balloon is seen which has not fully 
expanded ( arrow ). ( c ) A 0.9 mm X-80 ELCA catheter is seen. ( d ) Successful balloon dilatation with full balloon expansion. ( e ) Final stent result       
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post-dilated with appropriate size non-compliant balloons to 
ensure full stent optimisation.   

    Balloon Failure Coronary Lesions with TIMI 3 
Distal Flow Requiring Combined Use of ELCA 
and RA – ‘RASER’ Cases 

   Case 9 (Fig.  3.12 ) 
    A 64-year old gentleman was admitted acutely as he devel-
oped transient ST segment elevation in the lateral leads dur-
ing an exercise stress echocardiogram. His cardiovascular 
risk factors included hypertension and he had undergone 
CABG 6 years previously with a LIMA graft to his LAD 
artery, a right internal mammary artery (RIMA) graft to his 
intermediate artery and vein grafts to his LCX and RCA. Left 
ventricular function was within normal limits. 

 CAG revealed an occluded native LAD and RCA. The left 
main stem artery had a critical, hazy distal stenosis that 
involved the LCX ostium with severe stenosis in a large 
obtuse marginal (OM) artery. The bilateral internal  mammary 
grafts were patent, however, the SVGs were found to be 
occluded. In view of the ECG changes and angiogram fi nd-
ings, it was likely that the distal LMS and OM lesion was the 
culprit. 

 A 7 F EBU3.5 guide catheter was used to engage the LMS 
artery. A BMW TM  wire was successfully passed distal to the 
stenosis into the OM branch. In view of the heavy burden of 
calcifi ed plaque and the long standing coronary atheroma, it 
was desirable to debulk the vessel with RA prior to stenting. 
A RotaWire TM  could not be delivered through the lesion and 
a Finecross TM  microcatheter would also not cross to permit 
wire exchange. 

 ELCA was therefore undertaken with a 0.9 mm X-80 
laser catheter and delivered 14,799 pulses (19 trains) of 
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  Fig. 3.11    Refer to case 8. ( a ) A calcifi ed CTO is seen in a LAD. ( b ) 
Successful anterograde wire advancement into the distal true lumen as 
confi rmed following contra lateral injection ( arrowhead ). A Corsiar TM  

microcatheter is also seen. ( c ) Balloon failure is seen suggesting a non- 
dilatable lesion. ( d ) A 0.9 mm X-80 ELCA catheter is seen ( arrow ). The 
guide catheter is seen to backing out ( asterisk ). ( e ) Final stent result       

 

3 Excimer Coromary Atherectomy during PCI of Complex Lesions



46

80 mJ/mm 2  at 80 Hz for a total of 3:03 min. The lesion was 
now easily crossed with a Finecross TM  microcatheter to and 
the BMW TM  wire was exchanged for a RotaWire TM . RA was 
performed by sequentially using 1.5 mm and 1.75 mm rotab-
lation burrs for a total time of 2 min. 

 Pre-dilation of the lesion with 2.75 × 20 mm and 3.0 × 
20 mm non-compliant balloons was followed by delivery of 
two overlapping Biomatrix TM  stents (3.5 × 20 mm and 4.0 × 
15 mm) which were deployed and post-dilated with 3.5 × 
20 and 4.0 × 15 mm non-compliant balloons to complete 
the case.  

   Case 10 (Fig.  3.13 ) 
    A 57-year old male was admitted to our hospital with an 
ACS. His cardiac risk factors included, a history of heavy 
smoking and a strong family history. An echocardiogram had 
revealed good left ventricular systolic function. Subsequent 
CAG via the RFA demonstrated mild plaque disease in the 
left coronary system and a heavily calcifi ed RCA with a 

 critical mid-vessel stenosis. A 7 F JR4 guide catheter was 
engaged into the RCA. The initial plan was to advance a 
guide wire across the lesion and then exchange for a 
RotaWire TM  to perform RA. The lesion could not be crossed 
with multiple guide wires including a BMW TM , Fielder FC TM  
and Confi anza Pro 9 TM  (Asahi Intecc, Aichi, Japan). Finally, 
a tapered Fielder XT TM  was able to cross the lesion success-
fully. However, the Finecross TM  could not be advanced across 
the stenosis to facilitate wire exchange for a RotaWire TM . As 
a result, ELCA was performed using a 0.9 mm X-80 catheter 
and delivered 10,839 pulses (17 trains) of 80 mJ/mm 2  at 
80 Hz for 2:08 min. Following this, the Finecross TM  could be 
advanced distally into the RCA to allow wire exchange for a 
RotaWire TM . However, a 2.5 × 20 mm balloon failed to 
dilated fully and hence RA was performed using a 1.5 mm 
rotablation burr. Subsequently, the lesion was pre-dilated 
with 3.0 × 20 mm and 3.5 × 20 mm non-compliant balloons. 
Finally, we were able to deploy three overlapping DES (3.5 
× 23 mm, 3.5 × 33 mm and 3.5 × 23 mm Cypher Select TM ) 
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  Fig. 3.12    Refer to case 9. ( a ) A critical stenosis is seen in the distal left 
main stem artery extending into the LCX artery ( arrow ). ( b ) A 1.25 × 
15 mm balloon cannot cross the stenosis with backing of the guide cath-

eter ( asterisk ). This can be better appreciated with the magnifi ed image 
in the inset ( arrow head ) ( c ) A 0.9 mm X-80 ELCA catheter is seen. ( d ) 
A 1.25 mm rotablation burr. ( e ) Final stent result       
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which were post-dilated with a 3.75 × 20 mm non-compliant 
balloon to ensure maximal stent expansion.   

    Balloon Failure Coronary Lesions with TIMI 0 
Distal Flow (CTO) Requiring Combined Use 
of ELCA and RA – ‘RASER’ Cases 

   Case 11 (Fig.  3.14 ) 
    A 67-year old male underwent PCI to his RCA at our centre 
for ongoing angina refractory to OMT. His echocardiogram 
had revealed good left ventricular systolic function and a car-
diac MRI had revealed a signifi cant burden of ischemia in 
the inferior left ventricular wall. A 7 F AL0.75 guide catheter 
was engaged into the RCA while a JL3.5 catheter was 
engaged into the LMS artery for retrograde contrast injec-
tions via the RFA and RRA approach respectively. The site 
of the occlusion was located in the proximal RCA. The proximal 

cap was tapered with no bridging collaterals with moderate 
ring of calcifi cation within the vessel wall. The distal RCA 
was collateralised from the LAD via grade 2 collateral chan-
nels and the J-CTO score of the lesion was calculated as 4 [ 6 , 
 41 ]. A CrossBoss TM  device (Boston Scientifi c, Natick, MA, 
USA) was used to cross the lesion and a Pilot 200 TM  wire was 
advanced distally into the RCA. Following this, an Apex TM  
2.5 × 20 mm balloon would not cross the lesion. Subsequently, 
a Tornus TM  microcatheter followed by a 1.2 × 12 mm Mini 
Trek TM  balloon were used in an attempt to cross the lesion 
but they proved unsuccessful. Subsequently, ELCA was uti-
lized with a 0.9 mm X-80 catheter and delivered 3200 pulses 
(5 trains) of 80 mJ/mm 2  at 80 Hz for 40 s. This allowed the 
aforementioned balloons to cross the CTO. However, in the 
proximal RCA, a non-dilatable lesion was identifi ed second-
ary to ring calcifi cation. It was necessary then to perform RA 
to the non-dilatable lesion using a 1.75 mm burr. The RA 
burr successfully debulked the non- dilatable lesion and the 
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  Fig. 3.13    Refer to case 10. ( a ) A calcifi ed RCA stenosis is seen 
( arrow ) which can be appreciated in greater detail in the inset ( arrow 
head ). ( b ) A Finecross TM  catheter cannot cross the lesion ( arrow ) and 

causes the guide catheter to back out ( asterisk ). ( c ) A 0.9 mm X-80 
ELCA catheter is seen. ( d ) A 1.5 mm rotablation catheter is seen. (E) 
Successful  balloon pre-dilatation of the lesion. ( f ) Final stent result       
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artery was pre-dilated with a 2.5 × 20 mm Apex TM  balloon. 
The RCA was reconstructed using fi ve DES (2.5 × 18 mm, 
3.0 × 36 mm, 3.5 × 33 mm and 4.0 × 28 mm Biomatrix TM  as 
well as a 3.0 × 12 Promus Element TM  stent). The stents were 
post-dilated using 3.0 × 20, 3.5 × 20 and 4.0 × 20 mm non-
compliant balloons to complete the case.  

   Case 12 (Fig.  3.15 ) 
    A 74-year old male was admitted with acute dyspnoea and 
heart failure. He had been a life-long smoker, suffered from 
intermittent claudication and had had a transient ischaemic 
attack in the past. A chest X-ray had confi rmed pulmonary 
edema and an echocardiogram revealed severe left ventricu-
lar impairment with a thin and akinetic inferior left ventricu-
lar wall. The left ventricular ejection fraction was calculated 
as 10 %. He required aggressive intravenous diuretics to sta-
bilise him with the use of inotropic agents. He remained in 
CCS class IV angina which was only controlled with a 

 continuous intra-venous nitrate infusion. CAG revealed an 
occluded RCA with a heavily calcifi ed, sub- totally LAD and 
minor atheroma in a non-dominant LCX artery. Given the 
refractory angina and heart failure it was felt that there was 
no option but to revascularise the LAD territory. Cardiac 
Magnetic Resonance Imaging (MRI) revealed that the ante-
rior wall was the only viable territory. With such signifi cant 
LV systolic impairment, the risks for CABG were deemed 
unacceptably high and following a multi-disciplinary team 
(MDT) assessment and keeping in view patient’s views, a 
plan was formulated to perform PCI on the LAD with hae-
modynamic support provided by an Impella TM  (Abiomed 
Inc, Danvers, MA, USA) device [ 42 ]. Arterial access was 
gained via the RRA and LFA using 6 F and 14 F sheaths 
respectively. There was a severe stenosis in the common iliac 
artery which required balloon angioplasty to allow the pas-
sage of further equipment. The Impella TM  device was 
advanced across the aortic valve and placed within the left 
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  Fig. 3.14    Refer to case 11. ( a ) A CTO in the RCA is seen. ( b ) A Cross 
Boss TM  device is seen. ( c ) A 0.9 mm X-80 ELCA catheter is seen. ( d ) A 
non-dilatable lesion is seen with incomplete balloon expansion ( arrow ) 

with a magnifi ed view in the inset ( arrow head ). ( e ) A 1.75 mm rotabla-
tor burr is seen. ( f ) Final stent result       
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ventricle to increase cardiac output. The LMS artery was 
engaged using a 6 F EBU3.5 guide catheter and a Fielder 
XT TM  guide wire was advanced distally into the 
LAD. However, a microcatheter (Finecross TM  or Corsair TM ) 
could not be advanced beyond the lesion to facilitate wire 
exchange for a RotaWire TM . In consequence, ELCA was per-
formed with a 0.9 mm X80 cathter and delivered 14,016 
pulses (18 trains) of 80 mJ/mm 2  at 80 Hz for a duration of 
2:53 min. Subsequently, the Finecross TM  catheter was 
advanced distally into the LAD and the Fielder XT TM  wire 
was exchanged for a RotaWire TM  as a 2.5 × 15 mm, 1.5 × 
15 mm and 1.1 × 10 mm balloons could not be fully expanded. 
A 1.25 mm RA burr was used for RA which took several 
minutes as the lesion proved very resistant. Of note, despite 
the use of an Impella TM  device, the patient had a systolic 
blood pressure of 40 mmHg during RA which recovered as 
soon as it stopped. With the help of a Grandslam TM  buddy 
wire (Asahi Intecc, Aichi, Japan) we were able to deliver a 
2.5 × 20 mm balloon into the LAD which could be fully 

expanded. Finally, three DES were delivered into the LAD 
(Promus Element TM , 2.25 × 12 mm, 2.5 × 28 mm and 2.75 × 
24 mm) with an excellent angiographic result. The Impella TM  
device was successfully removed and the LFA puncture was 
secured by a vascular surgical colleague. The patient was 
alive with no further cardiac events, 24 months following the 
successful procedure.   

    Under-Expanded Stents Treated with ELCA 
Either Alone or in Combination with Other 
Techniques Including RA 

  Case 13 (Fig.  3.16 ) 
    A 54-year old male underwent primary PCI to his LAD at his 
local hospital for an anterior ST-elevation myocardial infarc-
tion. There was a strong family history of premature coro-
nary disease. A BMW TM  wire was advanced successfully 
across the occlusion into the LAD. Following manual throm-
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  Fig. 3.15    Refer to case 12. ( a ) An LAD CTO is seen ( arrow ) with an 
Impella TM  also visualised in the background ( asterisk ). ( b ) A 0.9 mm 
X-80 ELCA catheter is seen. ( c ) Ballon failure is seen as a 1.1 × 10 mm 

balloon fails to expand ( arrow ). ( d ) A 1.25 mm rotablation burr is seen 
( arrow ). ( e ) Successful balloon dilatation. ( f ) Final stent result       
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bectomy, it appeared that the lesion was moderately calci-
fi ed. The lesion was pre-dilated with a 2.0 × 15 mm 
Maverick TM  balloon following which a 2.75 × 18 mm 
Xience TM  DES (Medtronic, Interventional Vascular, CA, 
USA) was deployed. It was quite clear that the stent was 
under expanded. Subsequently, the stent was post-dilated 
with 3.0 × 15 mm, 3.0 × 8 mm and 3.25 × 8 mm non- 
compliant balloons at 20 atmospheres for up to 30 s. Despite 
these measures, the mid-stent section remained under 
expanded signifi cantly. The patient was then transferred to 
our unit for consideration of ELCA. A trans-femoral 
approach was undertaken to maximise guide catheter sup-
port and the LMS artery was engaged with a 6 F EBU 3.5 
guide catheter. A BMW TM  wire was advanced into the distal 
LAD following which we performed IVUS which demon-
strated that the minimal stent luminal area was 2.2 mm 2  with 
an internal stent diameter of 1.9 mm. Furthermore, we were 
able to visualise on IVUS that there was a signifi cant amount 

of fi bro- calcifi c tissue which was restricting stent expansion. 
ELCA was used with 5200 laser pulses (7 trains) of 80 mJ/
mm 2  at 80 Hz for a duration of 64 s using a 0.9 mm X-80 
laser  catheter. Following this, we were able to dilate the 
under- expanded stent using sequential non-compliant bal-
loons (3.0 × 15 mm and 3.5 × 12 mm). However, a repeat 
IVUS scan demonstrated that the original stent was severely 
under-sized as the luminal diameter of the LAD was 4.0 mm. 
Therefore, we deployed a 3.5 × 14 mm Biomatrix TM  DES at 
14 atmospheres with an excellent fi nal angiographic result.  

  Case 14 (Fig.  3.17 ) 
    An 80-year old male was treated with PCI to his proximal 
LAD at our centre for CCS class II stable angina despite 
being on OMT. His cardiovascular risk factors included dys-
lipidaemia and hypertension. Furthermore, an echocardio-
gram had revealed good left ventricular systolic function. 
The RCA and LCX arteries had mild atheroma only. The 
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  Fig. 3.16    Refer to case 13. ( a ) An under expanded stent is seen in the 
proximal LAD which has been magnifi ed in the in set ( arrow ). ( b ) 
IVUS assessment reveals the stent to be severely under expanded with 

an MLS of 2.2 mm 2 . (C) A 0.9 mm X-80 ELCA catheter is seen ( arrow ). 
( d ) Successful balloon dilatation. ( e ) Final angiographic result. ( f ) Final 
IVUS assessment with a luminal diameter of 3.8 mm       

 

O.A. Rana et al.



51

proximal LAD was heavily calcifi ed and had a severe steno-
sis which had a fractional fl ow reserve of 0.80. It was decided 
to debulk the LAD lesion using RA prior to stent insertion. 
The LMS artery was engaged using an 8 F EBU3.5 guide 
catheter. A Luge TM  wire was advanced distally into the LAD 
which was exchanged to a RotaWire TM  using a Finecross TM  
microcatheter. Subsequently, a 1.75 mm rotablation burr was 
used to debulk the LAD stenosis for 90 s. However, the 
lesion was non dilatable with a 3.0 × 20 mm non compliant 
balloon. Following this, further RA was delivered using a 
2.0 mm burr for a further 90 s. The RotaWire TM  was then 
exchanged with a Luge TM  wire and the lesion was pre-dilated 
with 3.0 × 20 mm and 3.25 × 20 mm non-compliant balloons 
followed by a 3.5 × 10 mm Flexotome TM  cutting balloon. 
Although there was evidence of balloon under expansion, it 
was felt that the lesion had been adequately debulked and 
more importantly, there was a localised dissection which 
necessitated the need to deliver two overlapping 3.5 × 22 mm 

and 3.5 × 13 mm Titan 2 TM  stents. Despite use of non- 
compliant balloons for post-dilatation (3.5 × 20 mm and 3.75 
× 20 mm) it was evident that there was a distinct area of stent 
under-expansion which corresponded to a focal ring of calci-
fi cation on IVUS. As the patient remained stable, it was 
decided to stop the case and to treat the area of stent under 
expansion at a subsequent date. Two weeks later, the patient 
was readmitted electively as a day-case to undergo ELCA to 
his under-expanded stent. The LMS artery was engaged 
using an 8 F EBU3.5 guide catheter. A BMW wire was 
advanced distally into the LAD and IVUS assessment of the 
under-expanded section revealed a minimal luminal area of 
2.5 mm 2 . A 2.0 mm laser catheter was initially used to deliver 
4500 laser pulses (20 trains) of 60 mJ/mm 2  at 40 Hz. 
However, it was noted that the 2.0 mm laser catheter was not 
advancing beyond the under expanded stent section and 
hence a 0.9 mm X-80 laser catheter was used. An additional 
5000 pulses (12 trains) of 80 mJ/mm 2  at 80 Hz were delivered 
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  Fig. 3.17    Refer to case 14. ( a ) An under expanded stent is visualised 
in the proximal LAD ( arrow ). ( b ) IVUS demonstrating an under 
expanded stent. ( c ) Demonstrates balloon failure in the LAD following 
RA prior to stent deployment ( arrow ). ( d ) A 2.0 mm ELCA catheter is 

seen within the stent ( arrow head ). ( e ) Successful balloon dilatation 
with a 4.25 × 10 mm balloon. ( f ) Post-laser IVUS shows a well 
expanded stent. ( g ) Final stent result       
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with a total laser time of 3:15 min. Finally, the stent was 
post-dilated with a 3.75 × 20 mm non-compliant balloon 
with satisfactory stent expansion visualised on CAG and 
with IVUS assessment to fi nish the case.    

    Conclusion 

 Fibro-calcifi c lesions often create problems during PCI 
by restricting passage of pre-dilatation balloons or micro- 
catheters for wire exchange when rotational atherectomy 
is being contemplated. In these situations ELCA has a 
defi nitive role in safely debulking lesions to ensure suffi -
cient plaque modifi cation to permit balloon dilation or 
Rotawire delivery to maximise PCI success. In addition, 
interventional cardiologists may encounter balloon fail-
ure when lesions are non-dilatable and where aggressive 
high pressure balloon dilatation may be hazardous for 
perforation whilst inadequately prepared lesions may lead 
to under-expanded stents in the coronary stents; a harbin-
ger of potential catastrophe. In our experience of non-
dilatable lesions, ELCA can also be successfully and 
effectively utilised even when the lesion is within a CTO 
or in the situation of an under-expanded stent. 
 We hope that the aforementioned case-based examples 
will help educate the reader in selecting suitable cases for 
ELCA delivery in complex coronary disease and using 
this device with confi dence and success.     
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            Background 

 Atherosclerotic coronary plaque rupture and subsequent 
thrombus formation are the main pathophysiologic processes 
that account for acute myocardial infarction (AMI). Primary 
percutaneous coronary intervention (PCI) is the contempo-
rary optimal reperfusion therapy for management of AMI, 
especially in patients presenting with either STEMI (S-T 
Elevation Myocardial Infarction) or with evolving non- 
STEMI (NSTEMI) and those requiring rescue intervention 
post failure of initial administration of thrombolytic agents 
[ 1 ,  2 ]. A PCI based AMI revascularization reduces the rate of 
death, stroke and re-infarction when compared with the long 
standing strategy that relied on select fi brinolytic agents as 
the fi rst line therapy [ 3 ]. However, while many lesions treated 
by PCI in AMI require only standard balloons and stents, a 
complex morphology of the offensive plaque, especially 
with thrombotic content, frequently necessitates a dedicated 
lesion-specifi c approach [ 4 ]. This calls for utilization of spe-
cifi c devices that provide adequate plaque debulking and 
thrombus extraction [ 4 ,  5 ] and facilitate resistant-free deliv-
ery and precise deployment of intracoronary stents [ 5 – 7 ]. 
Hence, laser offers a reliable, user-friendly technology which 
has been successfully applied in select AMI patients. The 
treatment targets include atherosclerotic and thrombotic 
plaques, in-stent restenosis and chronic total occlusions 
occupying infarct related vessels such as coronary arteries 
and degenerated saphenous vein bypass grafts [ 8 ]. When 
optimal thrombus removal during PCI for AMI mandates 

incorporation of mechanical thrombectomy devices [ 9 ,  10 ], 
the laser energy becomes a valid option as lasers are recog-
nized for their dual capabilities of performing simultane-
ously precision plaque debulking and thrombus removal 
[ 11 – 13 ]. Altogether, this chapter aims to provide compre-
hensive report on the vast experience which had been gained 
with the use of laser during AMI interventions along the last 
two decades. It reviews the current criteria for use of the 
laser, describes the catheter technology, comments on the 
effective and safe lasing techniques and presents analysis of 
the results of pivotal clinical laser studies.  

    The Evolution of Laser Revascularization 
in AMI 

 The introduction of laser for PCI in AMI was initially 
reported in 1993 when a mid-infrared, solid-state, pulse- 
wave holmium: YAG (2.1 μm wave length) was fi rst used by 
Eduardo de Marchena and colleagues in three patients at the 
Jackson Memorial Medical center of the University of 
Miami, Florida [ 14 ]. Another early experience in nine 
patients who sustained complicated AMI and needed urgent 
percutaneous intervention was reported by interventionalists 
from the St. Paul Ramsey hospital of the University of 
Minnesota [ 12 ]. Successful revascularization and excellent 
clinical outcome were observed in that small series of 
patients. The issue of proper lasing technique during revas-
cularization for AMI cannot be underestimated. Noteworthy, 
in the early experience with coronary laser angioplasty, the 
recommended lasing technique relied upon rapid catheter 
advancement and continuous energy delivery mode of 
energy. Over time however, operators began to realize that 
this method frequently induced vessel and plaque complica-
tions. Thus, the technique was subsequently replaced to 
incorporate slow catheter advancement and intermittent las-
ing emission [ 15 ]. This modifi cation reduced the rate and 
scope of laser related complications, and, consequently, 
enabled further exploration of the use of laser [mainly the 
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dye, holmium:YAG and xenon chloride] in urgent 
 percutaneous AMI revascularization covering the entire 
spectrum of acute ischemic coronary syndromes [ 16 ,  17 ]. To 
date, this technique remains safe and effi cacious in coronary 
and peripheral applications alike. 

 Noteworthy, both the dye and the Holmium: YAG mid- 
infrared wavelength lasers were considered reliable revascu-
larization tools [ 18 ,  19 ], however, they are no longer in 
common use in the US. The ultraviolet 308 nm excimer laser 
[CVX-300, Spectranetics, Colorado Springs, Colorado, US] 
thus remains the dominant system wavelength available for 
cardiovascular interventions in the US and globally. This 
laser is FDA approved [for physician’s discretionary use] in 
acute coronary syndromes such as unstable angina (Fig.  4.1 ), 
the STEMI (Figs.  4.2 ,  4.3 , and  4.4 ) and the non STEMI type 
of AMI (Figs.  4.5  and  4.6 ) [ 8 ,  20 ,  21 ]. Currently, the excimer 
laser enables AMI revascularization for targeted thrombus 
and plaque debulking in native coronary arteries and old 
saphenous vein grafts alike [ 8 ,  20 ]. Overall, the excimer 
laser has been shown as an effi cient and safe technology for 
the treatment of challenging, high risk coronary lesions such 
as left main stenosis, stent restenosis, ostial lesions, arterial 
and saphenous vein bypass grafts stenoses and chronic total 
occlusions [ 21 – 23 ]. Noteworthy, this laser is also used for 
revascularization in acute, chronic and critical peripheral 
arterial disease with target lesions located in the superfi cial 
femoral, popliteal, subclavian and renal arteries [ 24 ]. 
Table  4.1  summarizes the current clinical and angiographic 
criteria for utilization of laser in the management of AMI.

             Technical Characteristics of Cardiovascular 
Lasers 

 The pulsed-wave excimer [Xenon Chloride] laser operates at 
308 nm wavelength with a pulse duration of 135 ns and out-
put of 200 mJ/pulse. The laser energy is delivered via either 
over-the-wire or rapid exchange catheters containing fl exible 
optic fi bers. The modern laser catheters have improved fi ber 
array with concentric or eccentric tip confi guration [ 25 ]. 
Table  4.2  displays the technologic profi le of coronary 
excimer laser catheters which are used in PCI for AMI.

       Experiments with Laser- Tissue Effects 
Pertinent to PCI for AMI 

 The excimer laser energy interacts with the nonaqueous com-
ponents of the atherosclerotic plaque [proteins, nucleic acids]. 
Absorption within atheromatous plaques and thrombotic 
material results in initiation of photomechanical and photo-
thermal processes that lead to vaporization [ 26 ]. Laser activa-
tion generates acoustic shock waves which mechanically 

break and dissolve fi brin fi bers, a major constituent of throm-
bus [ 27 ] and considerably suppresses platelet aggregation [ 28 ] 
(Fig.  4.7 ). A series of in vitro experiments studied the effect of 
laser emission on thrombolytics, providing strong evidence 
that laser energy signifi cantly enhances fi brinolysis in fi brin 
clots initially treated by t-PA. Moreover, despite the known 
decline in the rate of t-PA induced fi brinolysis with increasing 
clot age, application of laser energy results in signifi cant 
enhancement of fi brinolysis [ 29 ]. Table  4.3  describes basic 
research phenomena related to laser activation and their clini-
cal manifestations as pertaining to revascularization in AMI.

        Clinical Outcome of Laser Application in AMI 

 The last two decades led to growing experience with the uti-
lization of excimer laser for revascularization in stable and 
unstable angina patients who present with a spectrum of 
hemodynamic conditions, particularly in AMI [ 32 ,  33 ]. 
Table  4.4  presents the main fi ndings originating from studies 
of laser application in AMI. It is well established that patients 
presenting within the fi rst 2–3 h of STEMI commonly exhibit 
a less complex plaque morphology and smaller thrombus 
burden compared to patients arriving late; either 5–6 h or 
even later arrivals such as 12–24 h after the onset of the 
AMI. Thus, an intriguing practical question arose as to what 
would be the effect of laser during  every  stage of evolving 
AMI. Consequently, investigators set forth to explore the 
laser outcome not only during the early, acute phase of 
STEMI but also in later phases of AMI. Accordingly, the piv-
otal, all-comers CARMEL (Cohort of Acute Revascularization 
in Myocardial Infarction by Excimer Laser) study was 
launched [ 21 ]. The project entailed an investigator spon-
sored, international, multicenter study enrolling 151 patients 
in various stages of evolving AMI who were treated in 8 laser 
experienced facilities in the US, Canada and Germany. While 
many of the study’s patients presented within the fi rst few 
hours of STEMI, other patients who were late arrivals (later 
than 6 h after chest pain onset), patients who failed to respond 
to thrombolytic agents, those with cardiogenic shock (21 %), 
and infarct related lesions in degenerated saphenous vein 
grafts (26 %) were intentionally included to ensure maximal 
clinical challenge for the laser technology. Thus the intention 
to enroll  every  type of AMI offered real life representation of 
different clinical scenarios. This approach contrasted consid-
erably with the more restricted, leading studies of PCI in 
AMI. To complement the study’s high standards, the quanti-
tative and statistical analyses were performed by the inde-
pendent core laboratories of Stanford university, Palo Alto, 
California and Duke university, Raleigh, North Carolina, 
respectively. The baseline angiographic left ventriculogra-
phy demonstrated left ventricular ejection fraction (LVEF) 
of 44 ± 13 % (normal >55 %). Then a large proportion (74 %) 
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of the patients presented critical stenosis of the infarct related 
vessel (95–100 % stenosis). Specifi cally, total occlusion 
(100 % stenosis marked by TIMI 0 fl ow) was present in 37 % 
of the patients. These critical occlusions were caused by 

plaques with signifi cant thrombus burden, a common fi nding 
in many AMI patients [ 35 ]. Accordingly, a large thrombus 
burden-TIMI thrombus grade of 3 or 4 was detected in as 
many as 65 % of the cases. For the laser revascularization, 

a b

c d

  Fig. 4.1    ( a ) A 90 % eccentric, calcifi ed ostial left main coronary artery 
stenosis in an 86 year old patient with severe unstable angina and 
marked anterior-lateral ischemia. The pt. had critical chronic kidney 
disease receiving permanent dialysis and multiple other medical prob-
lems. Surgical approach was deemed too high risk and also rejected by 
the patient. ( b ) A 0.9 mm X-80 excimer laser catheter (Spectranetics, 
Colorado springs, CO) in the ostium of the left main artery before acti-
vation. The energy settings were 45 mJ/mm 2 /25 Hz with antegrade and 

retrograde delivery of 250 pulses during intermittent emission and 
saline fl ash, totaling of 4 trains. No protection device was used. ( c ) 
Selective angiogram demonstrating a smooth recanalization channel as 
created by the laser. No distal embolization or thrombosis occurred. ( d ) 
Angiographic appearance of the left main coronary artery following 
short balloon infl ations and adjunct stenting. The chest pain and isch-
emia disappeared and the patient was discharged home the next day       
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small-size catheters (0.9 and 1.4 mm) were the fi rst tool in 
34 % of the lesions whereas larger size catheters (1.7 and 
2.0 mm) were used initially in 66 %. The fi nal laser catheter 
size was 2.0 mm in 23 % of the lesions, 1.7 mm in 43 %, 

1.4 mm in 25 % and 0.9 mm in 9 %. By visual angiographic 
assessment the baseline stenosis of 95 ± 6 % was decreased 
by laser emission to 48 ± 23 % (p < 0.001), followed by fur-
ther decrease as achieved with balloon and stenting, to a fi nal 

  Fig. 4.2    ( a ) Angiogram from a patient who presented with an Inferior 
wall ST-elevation myocardial infarction (STEMI). The AMI was caused 
by a critical atherosclerotic plaque and adherent thrombus which 
together formed a total occlusion of the distal right coronary artery 
(RCA). The RCA anatomy is unfavorable for revascularization exhibit-
ing the challenging “Sheppard’s crook” morphology. ( b ) A 1.7 mm 
concentric excimer laser catheter (Spectranetics, Colorado Springs, 
CO) with the catheter’s tip positioned in the occlusion ( arrow ). This 
catheter was delivered over a stiff guide wire then activated and 

advanced using the slow lasing technique and concomitant saline injec-
tions. ( c ) Angiographic appearance of the infarct-related artery in the 
left anterior oblique view after completion of laser debulking. Adequate 
restoration of antegrade fl ow was observed within less than 2 min from 
the activation of the laser therapy. ( d ) The restored antegrade fl ow dem-
onstrates the posterior descending and the posterior-lateral branches of 
the RCA. Anterior-posterior angiographic view, ( e ) Final angiogram 
showing achievement of the optimal TIMI grade 3 antegrade fl ow and 
complete patency of the infarct related vessel and its distal branches         
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of 3 ± 9 % (p < 0.001 versus baseline and post laser). The 
markedly low baseline TIMI fl ow of 1.2 ± 1.1 increased 
 signifi cantly by the excimer laser to grade 2.8 ± 0.5 
(p < 0.001), reaching a fi nal post stenting TIMI grade of 
3.0 ± 0.2 (p < 0.001 vs. baseline). The minimal luminal diam-
eter (MLD) of the treated vessels increased with the applica-
tion of laser emission from a baseline of 0.5 ± 0.5 to 
1.6 ± 0.5 mm (mean ± SD, p < 0.001), reaching a fi nal 
2.7 ± 0.6 mm after adjunct stenting (baseline vs. post laser, 
p < 0.001). A 95 % device success, 97 % angiographic 
 success and an overall 91 % procedural success rate were 
reported. A total of 6 patients (4 %) died, each arrived to the 
emergency room already in a state of cardiogenic shock. 
Admittedly, while the study was not powered to examine the 
role of laser in cardiogenic shock, intriguingly among the 20 
patients who presented in this devastating hemodynamic 
condition there was a relatively low post procedure mortality 
rate of 30 %, suggesting that the laser might have had a posi-
tive impact on survival. The markedly low rate of complica-
tions included 0.6 % perforation, 5 % major dissection (all 
managed successfully with stent), 0.6 % acute closure, 3 % 
bleeding and 2 % distal embolization. The investigators dis-
covered that the maximal gain in effective removal of the 
targeted thrombi was directly proportional to the initial angi-
ographic burden, i.e. the larger the thrombotic content, the 
higher the laser effectiveness. This crucial fi nding corrobo-
rated earlier studies which recorded successful removal of 
80 % of the initial thrombotic burden [ 35 ].

   Overall, the CARMEL study provided the fi rst quantita-
tive sound evidence demonstrating the successful yield of 

mechanical thrombectomy devices as applied in PCI for 
AMI. When further sub-analysis of the study was performed 
the investigators found that a specifi c laser related gain was 
achieved in those who presented later than the optimal 6 h 
window after AMI onset [ 34 ]. Another analysis focused on 
the challenging sub-group of AMI patients presenting with 
complete (100 %) occlusion of the infarct related artery. In 
most of these patients the critical TIMI fl ow grade 0 was 
attributed to the combined effect of an underlying plaque and 
a heavy burden, TIMI grade 5 thrombus. Nevertheless, despite 
the unfavorable baseline clinical condition and the heavy 
thrombus load in this selective group, an 89 % laser success 
rate was achieved as well as 93 % angiographic success and 
86 % overall procedural success. Noteworthy, the baseline 
TIMI 0 fl ow increased to grade 2.7 ± 0.5 with the laser 
(p < 0.001). Then the fi nal, post stenting TIMI fl ow was grade 
3.0 ± 0.2 (p < 0.001 vs. baseline). The rate of complications in 
this study was considerably low. Distal embolization occurred 
in only 4 %, a rate serving as a testimony to the reliability of 
the laser in complex lesions. The “no refl ow” phenomenon 
was detected in 2 %, target vessel dissection in 4 % [lower 
rate than in standard balloon angioplasty] and perforation 
occurred in only 0.6 %. The total MACE of 13 % was consid-
ered a low rate [ 37 ]. Another challenging, high risk sub-group 
of the CARMEL study patients included 31 subjects whose 
saphenous vein graft was the infarct related vessel [ 36 ]. 
Unsurprisingly, 39 % of these patients exhibited total occlu-
sion of the old graft (TIMI 0 fl ow) and 23 % had sub-total 
(95–99 %) stenosis. Despite the morphologic and thrombotic 
challenge, the laser was able to increased the minimal luminal 
diameter in these vessels from a baseline of 0.6 ± 0.6 to 
1.6 ± 0.5 mm and facilitated stent deployment resulting in a 
fi nal MLD of 2.8 ± 0.6 mm. Overall, the laser success rate in 
this group was 87 % and only 3 (10 %) patients sustained a 
MACE, a rate considered low for acute interventions in such 
degenerated target vessels. Notably, there was no case of dis-
tal embolization and in only 3 % of the patients, a transient 
“no refl ow” phenomenon occurred. This was achieved with-
out insertion of distal protection devices during the laser 
interventions. Thus, the unique ability of the excimer laser to 
concomitantly debulke the plaque, suppress platelet aggrega-
tion and vaporize thrombus is unmistakable, serving as a con-
siderable asset in the challenging context of revascularization 
for AMI. Table  4.5  depicts the excimer laser effect on throm-
bus laden lesions in AMI.

       Lasing Technique in AMI Intervention 

 Routine patient preparation and anticoagulation for PCI are 
required. With the commonly used excimer laser the energy 
settings include a fl uence of 45 mJ/mm 2  with 25 Hz. Supporting 
guiding catheters and guide wires are benefi cial in laser proce-
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dures. Catheter size selection relates inversely to the stenosis 
severity whereby the greater the stenosis the smaller the initial 
catheter size [ 38 ]. Proper lasing technique is crucial to ensure 

success with laser angioplasty [ 39 ]. Since the depth of the 
excimer laser penetration is shallow (35–50 μm) a slow cath-
eter advancement (0.5 mm/s) is recommended. The CVX-300 

a b

c d

  Fig. 4.3    ( a ) Coronary arteriography in the lateral -caudal projection in 
a patient who sustained STEMI of the anterior wall. The patient com-
plained of severe chest pain which was accompanied by hemodynamic 
instability. The Left anterior descending artery (LAD) exhibited a 90 % 
eccentric lesion with irregular contour located in the proximal-middle 
segment of the LAD, between two septal perforator branches ( white 
arrow ). ( b ) The infarct related vessel and the target stenosis ( white 
arrow ) in the right anterior oblique view. ( c ) The target lesion was suc-
cessfully debulked and adequate post laser channel created within the 
plaque. The successful debulking incorporated a 0.9 mm X-80 excimer 

laser catheter (Spectranetics, Colorado Springs, CO). Activation was 
performed in a slow (0.2 mm/s) antegrade lasing along the entire length 
of the lesion, followed by slow debulking retrogradely. Lasing in both 
directions was combined with saline injections. ( d ) Final view of the 
infarct related vessel post stenting in the lateral –caudal view. Complete 
patency and optimal antegrade fl ow are present. No distal embolization 
occurred. ( e ) fi nal view in the RAO projection. The patient had no fur-
ther chest pain, the ST segment returned to baseline and hemodynamic 
stability was observed       
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console computer limits each lasing train to an interval of 5 s 
except for the X-80 0.9 mm catheter which is designed for 10 s 
emissions. Reaching the distal end of the stenosis, the operator 
may consider slow retrograde [pull back] lasing for maximiz-

ing thrombus removal. Since contrast media signifi cantly 
amplifi es the laser generated acoustic shock waves [ 40 ], any 
contrast in the vessel must be removed prior to laser activation. 
This step eliminates potential vessel trauma. This is accom-

a b

c d

  Fig. 4.4    A 59 year old man with inferior-lateral STEMI. Cardiac cath-
eterization performed within 1 h from the onset of chest pain. The pt. 
had severe chest pain and shortness of breath. ( a ) the right coronary 
artery is the infarct related vessel containing a 90–95 % eccentric 
plaque. Angiogram in the left anterior oblique projection. ( b ) The right 
coronary artery in a right anterior oblique view. The marked eccentric-
ity of the lesion is noted. ( c ) Angiogram post laser application for expe-
dient revascularization of the vessel. A 1.4 COS excimer laser catheter 
(Spectranetics, Colorado Springs, CO) was used with energy settings of 

45 mJ/mm 2 /25 Hz. The operator incorporated slow (0.2–0.5 mm/s) 
antegrade and retrograde lasing along the entire length of the lesion. 
The laser delivered total of 298 pulses. The laser emission debulked 
adequately the target plaque, thus creating a smooth recanalization 
channel without any adverse sequela. This channel permitted rapid 
stent delivery and positioning with optimal deployment. ( d ) Final 
angiogram post stenting with a drug eluting stent. The infarct related 
vessel is markedly open with TIMI 3 fl ow and no residual stenosis. The 
chest pain disappeared and patient recovered       
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  Fig. 4.5    A 70 year old patient with a large size non STEMI accompa-
nied by severe chest pain and ischemia in the inferior-lateral EKG 
leads. The patient underwent coronary artery bypass surgery twice, 27 
and 14 years earlier, respectively. Cardiac catheterization demonstrated 
total occlusion of the three major native coronary vessels at the aortic 
origin, thus, the entire cardiac perfusion was dependent on the old 
bypass grafts. The left internal mammary artery graft to the left anterior 
descending artery was patent and a saphenous vein bypass graft to the 
obtuse marginal branch of the circumfl ex artery was diffusely and 
severely diseased. ( a ) A 14 year old saphenous vein graft to the poste-
rior descending artery containing a 99 %, eccentric, thrombotic lesion 
resulting in a decreased antegrade TIMI 2 fl ow. ( b ) The target was 
treated with a 1.4 mm COS laser catheter (Spectranetics, Colorado 
Springs, CO) delivering 450 pulses during slow antegrade and retro-
grade lasing ( arrow ). Saline injections accompanied deposition of the 

laser energy emission. The patient received iv 4000 units of heparin and 
neither 2b/3a platelet receptor antagonist nor fi lter protection were 
used. ( c ) Angiography immediately post laser application. Adequate 
debulking of the obstructive plaque is noted. The smooth contour of the 
residual plaque is a result of the homogeneous distribution of the laser 
beam. This angiographic appearance is recognized as a unique marker 
of laser recanalization. The laser utilization achieved immediate cessa-
tion of the myocardial ischemia. Excellent fl ow along the graft and 
adequate fi lling of the distal to the anastomosis coronary segment were 
observed as well. ( d ) Final appearance of the revascularized old saphe-
nous vein bypass graft post adjunct stenting with a 4.0 × 18 mm stent. 
The stent was positioned accurately without any resistant from the 
residual plaque. No distal embolization or thrombosis occurred. The 
patient made a complete clinical recovery       
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plished by initial injection of 10 cc saline into the guiding 
catheter and then injection of 3–5 cc saline along the intervals 
of laser advancement. Infrequently, the saline may increase 

the Q-T interval and/or ischemia ensues. In such instances 
decreasing the saline volume to 1–2 cc and ensuring longer 
pauses between the laser trains are indicated [ 41 ]. Laser safety 

  Fig. 4.6    ( a ) An elderly patient who underwent coronary artery bypass 
surgery 15 years earlier presented with a large size non STEMI compli-
cated by congestive heart failure and relentless chest pain. 
Echocardiography demonstrated severely depressed left ventricular 
ejection fraction. The native coronary vessels were totally occluded and 
the saphenous vein graft to the LAD was the only remaining vascular 
conduit. This old bypass graft contained two critical lesions ( white 
arrows) : proximal 95 % stenosis and middle-distal 99 % eccentric, 
thrombotic stenosis. The patient had contraindications to the adminis-
tration of pharmacologic 2b/3a platelets receptor antagonists. ( b ) A 

0.9 mm X-80 COS excimer laser catheter (Spectranetics, Colorado 
Springs, CO) in the proximal stenosis. Activation was followed by low 
pressure balloon dilatation and then stenting of the lesion. ( c ) The same 
laser catheter was advanced to the distal stenosis. Delivery of laser 
emission was followed by low pressure balloon dilatation and then 
stenting. ( d ) Angiographic appearance of the treated bypass graft fol-
lowing successful laser debulking of both lesions. No fi lter protection 
device was used. ( e ) The fi nal angiographic view of the old saphenous 
vein graft post stenting. The patient made clinical recovery and was 
discharged home the next day         
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is an important component of the intervention and personnel 
and the patient alike must wear special protective goggles 
whenever the laser is enabled. 

 Altogether, based on the abovementioned fi ndings the ratio-
nale for using laser in PCI for AMI is summarized as follows:

    1.    The laser is a user friendly technology which enables 
rapid preparation and activation for treatment of emer-
gency cardiovascular conditions.   

   2.    The laser offers highly selective absorption within the tar-
get plaque and thrombus resulting in expedient plaque 
debulking and thrombus removal are observed.   

   3.    Laser enhances the effect of pharmacolytics on intracoro-
nary thrombus, even in old, organized or resistant 
thrombus.   

   4.    Laser induces unique, selective suppression of platelet 
aggregation kinetics.   

   5.    Laser creates rapid restoration of adequate antegrade cor-
onary fl ow in the infarct- related vessel.   

   6.    Laser facilitates adjunct stenting.   
   7.    The contemporary coronary laser has an established 

record of reliability, safety and effi ciency as observed in 
coronary and peripheral interventions.      

    Complications Associated with the Use 
of Laser in AMI 

 As with any other PCI device the laser operators should 
recognize that it can cause specifi c complications with seri-
ous adverse impact on the targeted lesions, vessels and 
myocardium and the procedure outcome. These complica-
tions include perforation, dissection, spasm, acute closure, 
thrombosis, distal embolization, “no refl ow” phenomenon 
and failure to achieve the acute revascularization goals. In 
most instances, complications though relatively rare, 
mainly relate to mistakes in the operator judgment mistakes 
and faulty lasing practices [ 42 ]. Thus understanding proper 
lasing techniques and the unique physical characteristics of 
the laser are imperative for elimination of laser induced 
complications.  

    Summary 

 The laser is a useful technology for application in PCI 
along each of the various stages of evolving acute myocar-
dial infarctions. The merits of this device are attributed to 
its reliance upon sound physics principles, the user friendly 
technology, and, uniquely, the simultaneous ability to 
vaporize atherosclerotic obstructive plaques, rapidly 
remove thrombi and suppress platelet aggregation. Due to 
the precision of the laser debulking emission and the incor-
poration of slow advancement lasing techniques, the 
excimer laser does not require placement of adjunct of dis-
tal protection devices. Incorporating proper lasing tech-
nique is a prerequisite for procedural success including 
emphasis on slow laser catheter advancement along the 
target lesion, constant injections of intracoronary saline 
during laser emission and use intermittent laser debulking 
mode.     

  Acknowledgment   The authors appreciate the invaluable assistance of 
Matthew Holtz CVT, RCIS in the preparations of this chapter.  

   Table 4.1    Criteria for utilization of laser in AMI   

 1. STEMI or non STEMI types of AMI—including late 
presentation or failed thrombolytic therapy 

 2. Rescue intervention due to AMI expansion and/or hemodynamic 
instability 

 3. Complex lesion morphology in the infarct-related vessel, e.g., 
heavy plaque burden, eccentric plaque, thrombotic plaque, total 
occlusion, ostial stenosis, stent restenosis 

 4. Decreased TIMI fl ow in the infarct related vessel 

 5. TIMI Thrombus Grades 2–5—represented by medium-to-
extensive thrombus burden 

 6. Calcifi ed target lesion—containing low-moderate calcium 
burden 

 7. Failed thrombus removal by an aspiration catheter 

 8. Balloon failure to open the infarct-related vessel and/or dilate 
the target lesion 

 9. Contraindication for administration of platelet 2b/3a receptor 
antagonists 

e
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   Table 4.2    Coronary excimer laser catheters for PCI in AMI   

 Laser catheter diameter 

 Rapid exchange (RX) 

 0.9 mm  0.9 mm X 80  1.4 mm  1.7 mm  1.7 mm E  2.0 mm  2.0 mm E 

 Vessel size (mm)  ≥1.5  ≥2.0  ≥2.2  ≥2.5  ≥2.5  ≥3.0  ≥3.0 

 Guide wire size  0.014″  0.014″  0.014″  0.014″  0.014″  0.014″  0.014″/0.018″ 

 Guide catheter 
compatibility (F) 

 6  6  6/7  7  7  8  8 

 Max. tip diameter  0.038″  0.038″  0.057″  0.069″  0.066″  0.080″  0.079″ 

 Max. shaft outer 
diameter 

 0.049″  0.049″  0.062″  0.072″  0.072″  0.084″  0.084″ 

 Working catheter’s 
length (cm) 

 130  130  130  130  130  130  130 

 Fluence (mJ/mm 2 )  30–60  30–80  30–60  30–60  30–60  30–60  30–60 

 Repetition rate (Hz)  25–40  25–80  25–40  25–40  25–40  25–40  25–40 

 Laser on/off time (s)  5/10  10/5  5/10  5/10  5/10  5/10  5/10 
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  Fig. 4.7    Effect of in-vitro laser 
emission on platelet aggregation 
kinetics.  Upper panel : the purple 
curve depicts the normal 
response to ADP induced 
aggregation of platelets [control]. 
With delivery of laser energy, 
step wise increase in fl uence 
(from the  blue to orange  and then 
 green curve ) results in marked 
suppression of platelets 
aggregation, a condition termed 
the “stunned platelets 
phenomenon”. This unique laser 
effect is advantageous in clinical 
applications such as PCI of AMI. 
 Lower panel : collagen induced 
platelet aggregation and the 
effect of increased laser fl uence 
on the platelets aggregation 
kinetics (From Topaz et al. [ 28 ]. 
Schattauer Gmbh, Publishers for 
Medicine and Natural Sciences, 
Stuttgart, Germany. With 
permission)       
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      Laser Revascularisation in Saphenous 
Vein Grafts       

     William     R.     Davies      ,     Tiffany     Patterson      , 
and     Simon     R.     Redwood     

            Introduction 

 Coronary artery bypass surgery has revolutionised the treat-
ment of symptomatic coronary atherosclerosis. However, the 
lack of long term patency of saphenous vein grafts has been a 
barrier to lasting procedural success. Recent estimates suggest 
that only 50 % of vein grafts will be patent and free of signifi -
cant luminal stenosis at 10 years. The therapeutic options avail-
able to symptomatic patients facing further revascularisation 
are limited and hazardous. Re-do surgery is offered but at a 
higher risk of both morbidity and mortality than at initial opera-
tion, especially in the common situation of a patent internal 
mammary graft. The percutaneous option is, therefore, usually 
the preferred option by both the Heart Team and the patient. 

 The nature of vein graft stenosis makes percutaneous 
intervention technically challenging, and carries more risk 
than intervention on the native coronary arteries. Vein graft 
disease tends to be diffuse and friable, and often carries a 
high thrombotic burden. The evolution of adjunctive thera-

pies to prevent no-refl ow, such as fi lter wire placement, have 
gone some way to mitigating this risk, but their use has been 
limited despite class I evidence of effi cacy. 

 Percutaneous excimer coronary laser angioplasty has 
evolved into a useful adjunctive therapy for saphenous vein 
graft intervention over the last 20 years. Procedural success 
rates have climbed, complications have been minimised and 
long-term patency rates improved, due to a combination of 
increased operator experience and technological advancement. 

 In this chapter we will examine the unique pathological 
process that underlies saphenous vein graft stenosis and 
relate this to the technical challenges facing the laser opera-
tor. We will also review the evidence for laser use and dis-
cuss our experience, illustrated with case histories. Finally, 
we will consider the future role for this useful adjunctive 
therapy in the fi ght against coronary atherosclerosis.  

    Aortocoronary Saphenous Vein Grafts 

 Coronary artery bypass surgery has revolutionised the treat-
ment of angina that is refractory to medical therapy. Following 
an initial report of surgical technique by Favaloro in 1969 [ 1 ], 
DeBakey’s group [ 2 ] were the fi rst to publish a series of 
patients who had undergone successful aortocoronary bypass 
using a saphenous vein graft (SVG) conduit. Bypass grafting 
using vein conduit has since become a key component of car-
diac and vascular surgical practice beginning with these early 
successes only 40 years ago. Since the pioneering days, surgi-
cal techniques have been refi ned, suture materials have 
improved and adjunctive pharmacology for prevention of 
restenosis or thrombosis has led to an increase in graft sur-
vival. However, the aggressive nature of the sclerotic process 
that occurs in SVGs does severely limit their long term 
patency. The attrition rate of these SVGs remains alarming. 
During the fi rst year after bypass surgery 15 % of venous 
grafts are occluded [ 3 ] and by 10 years 40 % have occluded 
(Fig.  5.1 ). Of the remaining patent grafts only 50 % are free of 
signifi cant stenoses [ 4 ,  5 ]. When considered in conjunction 
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with an expected progression of native coronary disease in the 
same patient, it becomes apparent that coronary artery surgery 
is, perhaps, best considered as a palliative procedure.

   The healthcare burden presented by symptomatic patients 
in whom initially successful revascularisation has occurred is 
signifi cant. Further revascularisation following CABG is 
required in 4 % of patients by 5 years, 19 % of patients by 
10 years and 31 % of patients by 12 years post-operatively 
[ 6 ]. More recently, the adoption of the radial artery as the 
second conduit of choice has led to an improved early and late 
patency rate above that expected of a venous graft [ 7 ]. 
However, a new phenomenon of a positive ‘string sign’ seen 
at coronary angiography demonstrating severe, diffuse ath-
erosclerosis throughout the length of the arterial conduit has 
been reported. Either percutaneous or repeat surgical revascu-
larisation in these patients comes at some considerable risk. 
Redo surgery has a higher mortality, especially in the context 
of a patent internal mammary graft, and is less likely to pro-
vide total relief from anginal chest pain when compared to 
initial bypass grafting [ 8 ]. Percutaneous intervention is, 
therefore, considered to be the preferable therapeutic strategy 
in SVG disease, and accounts for between 5 and 10 % of all 
PCI procedures [ 9 ]. The percutaneous option for revasculari-
sation of diseased SVGs is, however, less successful than 
intervention performed on the native coronary artery, and can 
be fraught with technical challenges and pitfalls.  

    Pathogenesis of Vein Graft Sclerosis 

 It is important to understand the exact nature of vein graft 
disease to appreciate the most effective therapeutic options. 
The low pressure and thin walled vein is not an ideal 
 candidate for transposition into the high pressure arterial 

system. The vein is divided into three anatomical layers: the 
intima, the media and the adventitia. Histologically the 
intima is a thin layer of endothelial cells, many of which 
have been seen to be disrupted by the process of venous har-
vesting [ 10 ]. The smooth muscle cells in the media are 
arranged into an inner longitudinal layer and an outer cir-
cumferential pattern, with interposed elastic fi bres. The 
adventitia is often thicker than the media and is composed 
mainly of fi broblasts and collagen bundles. The vasa vaso-
rum supply the vessel wall and run within the adventitial 
layer. 

 The manipulation of the SVG prior to anastomosis has 
been shown to cause endothelial dysfunction due to mechan-
ical and bariatric trauma. Both endothelial and smooth mus-
cle cell disruption appear to be important mechanisms in the 
subsequent pathogenesis of intimal proliferation [ 11 ]. Much 
work has been performed on the optimal conditions for vein 
harvest and storage prior to implantation in an attempt to 
reduce the destructive nature of the smooth muscle prolifera-
tion [ 10 ]. 

 The mechanisms of vein graft failure can usefully be 
classifi ed into intrinsic and extrinsic factors (Table  5.1  
[ 10 ]). Early failures are defi ned as within 30 days, short-
term failures occur between 30 days and 2 years, and long-
term failures are seen after 2 years. Many early failures can 
be attributed to technical aspects at the time of anastomo-
sis, for example poor distal run-off, graft kinking or an 
inadequate anti-thrombotic strategy. Short-term failures are 
predominantly due to the formation of neo-intimal hyper-
plasia within the graft. In the longer-term a combination of 
intimal hyperplasia and a progressive ‘atherosclerosis like’ 
disease causes eventual graft failure. Some of this histo-
logical  differentiation is likely to be as part of an adaptive 
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  Fig. 5.1    Vein graft patency and time since coronary artery bypass sur-
gery. The  thin line  represents the event free survival with time following 
coronary artery bypass surgery. The  bold line  represents vein graft 
patency over the same time period (Adapted from Motwani and Topol 
[ 3 ])       

   Table 5.1    Mechanisms of vein graft failure   

 Intrinsic  Extrinsic 

 Poor vein quality  Anastomotic problems 

 Missed valve/branch ( in - situ )  Infl ow tract stenosis or 
occlusion 

 Branch ligature placement  Outfl ow tract stenosis or 
occlusion 

 Intimal fl aps  Thromboembolism 

 Intimal hyperplasia (anastomotic 
or intra-graft) 

 Graft sepsis 

 Accelerated atherosclerosis  Mechanical compression of the 
graft (entrapment or kinking) 

 Aneurysmal degeneration 

  Adapted from Davies and Hagen [ 10 ] 
 These can be divided into intrinsic and extrinsic factors. Early failures 
are defi ned as within 30 days, short-term failures as between 30 days 
and 2 years, and long-term failures are seen after 2 years. Many short-
term failures can be attributed to technical aspects of the surgery at the 
anastomosis, for example poor distal run-off or graft length mismatch 
leading to kinking and low fl ow  
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process that the vein graft undergoes secondary to the 
higher perfusion pressure it endures whilst positioned in 
the arterial tree. However, there is also immunohistochemi-
cal and ultrastructural evidence that antigen-presenting 
dendritic cells play an important role in the subsequent ste-
notic process [ 12 ]. Various factors have been implicated in 
the failure of vein grafts including adhesion of platelets and 
leucocytes, rheological factors, matrix metalloproteinase 
expression, neointima formation and superimposed athero-
genesis. Figure  5.2  outlines the natural history of vein graft 
failure [ 13 ].

    The typical intravascular ultrasound appearances of vein 
graft neo-intimal hyperplasia can be seen in Fig.  5.3  [ 3 ]. It is 
these lesions that are the most likely to cause a return of 
symptoms due to myocardial ischaemia and are thus the tar-
get for the majority of percutaneous interventions.

   Although much research effort has been expended on the 
attempted amelioration of vein graft degeneration, no effec-
tive therapeutic strategy has, as yet, made a signifi cant impact 
on graft longevity. Certainly aggressive secondary preven-
tion measures including optimisation of anti-platelet regi-
mens, smoking cessation and high dose statin therapy are 
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  Fig. 5.2    Natural history 
of vein graft failure. Early 
surgical trauma factors such 
as vein infl ation with normal 
saline cause endothelial 
denudation which in turn 
leads to platelet aggregation. 
The subsequent medial 
thickening is caused by 
vascular smooth muscle cell 
proliferation. Over time, 
atheromatous lesions rich in 
foam cells lead to luminal 
narrowing. Plaque rupture is 
the fi nal event that leads to 
graft occlusion, in a process 
similar to that observed in 
native coronary atheroma 
(Adapted from Shukla and 
Jeremy [ 13 ])       
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appealing in that they would also aim to reduce the progres-
sion of the underlying native coronary artery disease. The 
use of adenoviral vectors for therapeutic gene transfer prior 
to anastomosis is also attractive and has shown promise 
in vitro, but is yet to translate into clinical practice [ 14 ]. The 
future quest for lower attrition rates of bypass grafts may 
hinge on the more widespread use of arterial conduit, rather 
than further attempts to modify the triple threat of thrombo-
sis, intimal hyperplasia and atherosclerosis currently 
observed.  

    Technical Challenges in Percutaneous SVG 
Intervention 

 The decision to intervene in SVG disease is much the same 
as the decision in native coronary disease. The intervention 
should be symptom led, should show evidence of myocardial 
ischaemia in a non-invasive study, and the region with isch-
aemia should be subtended by an SVG with a signifi cant ste-
nosis. Due to the higher risk nature of intervention, clinical 
decisions should be made by a heart team, consisting of both 
an interventional cardiologist and a cardiothoracic surgeon. 
Treatment modalities could be percutaneous coronary inter-
vention, redo-coronary artery bypass grafting or optimisa-
tion of medical therapy and anti-anginal pharmacology. The 
factors that should be considered during this discussion are 
outlined in Table  5.2  [ 15 ].

   The role of fractional fl ow reserve (FFR) assessment of 
SVG stenoses has been poorly studied. In clinical practice, a 
cut off of between 0.75 and 0.80 is generally used, although 
as the SVG disease does progress more rapidly than native 
vessel atherosclerosis the decision to defer intervention is 

a b c

  Fig. 5.3    Typical intravascular ultrasound appearances of saphenous ( a ) vein graft neo-intimal hyperplasia. ( b ) L – lipid rich plaque. ( c ) Ca –  calcifi ed 
appearance of atheroma in native vessel. (Adapted from Motwani and Topol [ 3 ])       

   Table 5.2    Decision nomogram to aid revascularisation decisions in 
patients with vein graft stenosis following coronary artery bypass 
grafting   

 Favors Repeat CABG Surgery  Favors Graft PCI 

  Clinical presentation  

 Late graft failure  Early graft failure 

 STEMI 

  Angiographic parameters  

 Multiple graft lesions  Single graft lesion 

 Diffuse graft lesions  Focal graft lesion 

 No patent LIMA graft  Patent LIMA graft 

 Diseased LAD graft  Patent LAD graft 

  Echocardiograph parameters  

 Near normal LVF  Poor LVF 

 Valvular disease (requiring 
future surgery) 

 No signifi cant valvular disease 

  Technical aspects  

 Adequate venous or arterial 
material 

 Inadequate conduit material 

 Acceptable surgical access  Diffi cult surgical access 

   Anterior or lateral target 
vessel 

   Posterior lateral target vessel 

   Limited mediastinal scarring    Mediastinal scarring 

 Favorable target vessels  Radiation, infection, percarditis, 
prior pectoralis muscle transfer 
closure 

  Patient factors  

 Patient’s preference after fully 
informed consent from a 
surgeon and a cardiologist 

 Patient’s preference after fully 
informed consent from a 
surgeon and a cardiologist 

 Acceptable pulmonary and renal 
function, life expectancy 
>5 years 

 Poor pulmonary or renal 
function, life expectancy 
<5 years 

  Adapted from Harskamp et al. [ 15 ] 
  LIMA  indicates left internal mammary artery,  LVF  left ventricular func-
tion,  STEMI  ST-segment elevation myocardial infarction  
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less evidence based. The VELETI Trial (Treatment of 
Moderate Vein Graft Lesions with Paclitaxel Drug-Eluting 
Stents) [ 16 ,  17 ] examined the prophylactic stenting of inter-
mediate SVG stenoses due to the rapid natural progression of 
these lesions. The conclusion of this small 57-patient study 
was that plaque sealing of lesions between 30 and 60 % 
severity with a drug eluting stent resulted in and improve-
ment in 1- and 3-year MACE when compared to optimal 
medical therapy. The results for PCI in the chronic total 
occlusion of a SVG are poor. In a study of 34 patients a pro-
cedural success of 68 % was achieved, but further target ves-
sel revascularisation was required in over 60 % of those at 
18 months [ 18 ]. Perhaps more successful would be an 
attempt to recannalise the native coronary artery in those 
cases where the ischaemic myocardium is subtended by an 
occluded SVG. 

 The underlying pathological process in SVG stenosis 
results in particular challenges for the subsequent interven-
tion. The sclerotic plaques are more friable, have either very 
thin or absent fi brous caps, contain more foam and infl am-
matory cells and usually are non-calcifi ed [ 19 ]. The SVG is, 
therefore, more prone to an extensive thrombotic burden 
potentially leading to distal embolization during interven-
tion. Grafts of an older age are more ectatic with a greater 
plaque burden, resulting in a higher risk of the slow-fl ow or 
no-refl ow phenomenon. This is manifest as a reduction, or 
sometimes total loss, of the antegrade fl ow to the microvas-
cular circulation without obvious angiographic evidence of 
obstruction. Although the mechanism of no-refl ow is poorly 
understood, a contribution of endothelial swelling, neutro-
phil infi ltration and platelet aggregation is likely to be con-
tributory [ 20 ]. The use of glycoprotein (GP) IIb/IIIa inhibitors 
have been shown to be effective in the primary PCI setting 
for acute myocardial infarction. However, no such improve-
ment in major adverse cardiovascular events (MACE) has 
been shown in the setting of SVG intervention either with 
distal embolic device protection in the SAFER trial [ 21 ] or 
without distal protection [ 22 ,  23 ]. Indeed, in the SAFER trial 
the patients randomised to the GP IIb/IIIa group had a higher 
incidence of MACE. 

 Several authors have studied the optimal interventional 
strategy to be adopted when PCI has been chosen as the best 
therapeutic option. The choice of stent deployed is between 
a bare metal (BMS), a drug eluting (DES) or a covered stent. 
Although more commonly used to exclude coronary artery 
aneurysms or to seal a coronary perforation, the covered 
stent does have several theoretical advantages in SVG steno-
ses. They may allow the trapping of graft plaque and throm-
bus between the stent and the vessel wall, reducing the risk 
of distal embolization and no-refl ow. It was also hypothe-
sized that the covered nature of the stent would reduce 
 subsequent neo-intimal hyperplasia and restenosis. The dis-
advantage to this strategy is that the covered stent is more 

bulky to prepare and deploy. Although initial registry results 
were favourable [ 24 ], the randomised controlled trials were 
disappointing [ 25 ,  26 ], with a similar restenosis rate and a 
higher incidence of non-fatal MI in the covered stent group 
when compared to those patients receiving a bare metal 
stent. 

 More work has been done on the comparison of a DES 
versus a BMS strategy in the SVG. Lee et al. [ 9 ,  27 ]  undertook 
a meta-analysis of 19 studies, 2 of which were randomised 
trials and 17 registries, including 3420 patients in total. 
Target vessel revascularisation was less frequent in patients 
that had undergone intervention with a DES, as was the inci-
dence of myocardial infarction. No differences were found in 
the risk of death or stent thrombosis between the two groups. 
These results support the use of DES in SVG for superior 
clinical outcomes. The clinical outcomes of six randomised 
stent studies are summarised in Table  5.3  [ 9 ].

   Although a DES strategy provides the optimal long-term 
benefi t, there is still a considerable incidence of procedure 
related complications at the time of placement. As previ-
ously discussed, the nature of SVG stenosis is such that there 
is likely to be a high clot burden associated within the dis-
eased segment. Some authors have reported that the inci-
dence of MACE (predominantly myocardial infarction) or 
reduced antegrade fl ow (the no-refl ow phenomenon) to be 
approximately 20 % [ 21 ]. The fi rst multi-centre randomised 
controlled trial to report was the SAFER trial (Saphenous 
vein graft Angioplasty Free of Emboli Randomised) [ 21 ]. 
This was the pivotal trial that led to the US Food and Drug 
Administration approving distal protection in the form of the 
PercuSurge GuardWire® (Medtronic, Minneapolis, MN 
USA) for commercial use. This device relies on a distal 
occlusion balloon to trap the emboli within the SVG until the 
intervention is complete and the proximal vessel is aspirated. 
801 patients were enrolled between June 1999 and August 
2000 over 47 sites. The safety committee halted the trail 
early due to a signifi cant benefi t in the active treatment arm. 
Three hundred and ninety-fi ve patients were assigned to a 
stent placement over a conventional angioplasty wire, whilst 
401 patients underwent stent placement using a distal protec-
tion device. The primary composite end point of death, myo-
cardial infarction, emergency bypass or target lesion 
revascularisation by 30 days was seen in 16.5 % of patients 
in the control group and 9.6 % of patients in the embolic 
protection group. This 42 % relative risk reduction in MACE 
was mainly driven by MI and no-refl ow phenomenon, sug-
gesting the effective recovery of embolic particles. However, 
the 9.6 % MACE in the distal protection arm only underlines 
the diffi cultly in percutaneous intervention in this high risk 
population. The SAFER investigators subsequently reported 
in 2005 [ 28 ] that the cost and technical complexity of the 
GuardWire® device had limited its use. Further subgroup 
analysis of the original trial showed that patients with more 
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diffusely diseased grafts and bulkier lesions had the highest 
MACE rate. However, a signifi cant benefi t in MACE reduc-
tion was seen across all levels of risk, regardless of the pre- 
procedure perception of lower risk by the operator. 

 More contemporaneous practice was reviewed by Sturm 
et al. in 2012 [ 29 ]. Three types of device are currently used 
for distal embolic protection: distal balloon occluders 
together with proximal aspiration; distal fi lters; and proximal 
balloon occlusion and aspiration systems. The FilterWire EX 
Randomised Evaluation (FIRE) study showed non inferior-
ity of the FilterWre EX distal fi lter system when compared to 
the GuardWire system [ 30 ]. The Saphenous Vein Graft pro-
tection In a Distal Embolic Protection Randomised Trial 
(SPIDER) study [ 31 ] showed non-inferiority of the Spider 
Rx to both the GuardWire and the FilterWire EX. As a result, 
DPDs have become the standard of care. However, their use 
is not without limitations. The absence of a suitable landing 
zone can preclude the use of DPD as in cases of vein graft 
tortuosity, close proximity to the distal anastomoses [ 32 ] or 
vessel occlusion [ 33 ]. The lesion itself may be impossible to 
cross with a fi lterwire or lead to further embolisation of 
thrombotic material. In light of this evidence, the American 
College of Cardiology recommend use of distal embolic pro-
tection in SVG PCI wherever technically possible (Class I 
recommendation, level of evidence B) [ 34 ]. Despite this, 
embolic protection is only used in 22 % of cases [ 29 ]. There 
is no evidence to date for the effectiveness of rheolytic 
thrombectomy, for example the AngioJet (Medrad 
Interventional/Possis, Minneapolis, MN, USA) in the treat-
ment of SVG disease, either in the acute or elective setting.  

    Early Reports of Successful Laser Therapy 
in SVGs 

 Percutaneous coronary intervention in SVGs remains a high 
risk area of interventional cardiological practice. The use of 
distal protection is benefi cial, but take up is low, perhaps due 
to the technical diffi culty encountered in deploying the avail-
able devices. MACE rates remain high despite concomitant 
improvement in both short and long-term results in the drug 
eluting stent era. Several characteristics of SVG disease 
appear to be particularly attractive to the use of laser revas-
cularisation. As we have seen, SVG lesions are friable and 
diffuse, with signifi cant thrombotic material increasing the 
potential for distal embolization. Albert Einstein fi rst con-
ceived the idea of a laser in 1905. The ultraviolet pulsed 
excimer ( exc ited d imer ) laser has several potential advan-
tages in the setting of SVGs. The laser ablates material by 
photochemical means, without the generation of signifi cant 
heating. The early use of laser in interventional cardiology 
was hampered by the incidence of perforation of the coro-
nary artery and signifi cant fl ow-limiting dissections. These 

two complications have largely been overcome by the 
improvement in catheter based laser technology and the 
technique itself. The ability to debulk a lesion in the absence 
of a systemic lytic state, the shortened thrombus clearing 
time with concomitant plaque modifi cation, and the facilita-
tion of subsequent balloon angioplasty and stent deployment 
[ 35 ] are all attractive properties that potentially could be 
exploited in the setting of SVG therapy. 

 Excimer coronary laser angioplasty (ECLA) has been 
successfully used to treat lesions within SVGs. The fi rst case 
reports of ECLA therapy in aortocoronary SVGs were pub-
lished in 1989 by Litvack and colleagues [ 36 ]. The fi rst 
patient was an 85 year old female with two previous opera-
tions for coronary artery surgery. Within 18 months of the 
redo procedure she represented with a symptomatic 99 % 
stenosis of the graft to the posterior descending artery. This 
was successfully treated using a 308 nm xenon-chloride 
laser via an 8 F sheath in the femoral artery using a multipur-
pose guide catheter. Following slow passage of the laser 
catheter over the stenosis, repeat fl uoroscopic angiography 
revealed a residual 30 % stenosis. Subsequent balloon angio-
plasty was performed but only a marginal improvement in 
luminal diameter was achieved. The patient remained well at 
8 months post discharge and was angina free. This early 
report demonstrated the feasibility of laser revascularisation 
in this unique patient population. However, following this 
initial success, early adopters of laser therapy did encounter 
signifi cant levels of complications which hindered further 
progress through the 1990s.  

    Laser Therapy in SVGs – The Evidence 

 Laser light had been shown  in vitro  to obliterate atheroscle-
rotic plaque and much was promised for this novel therapeu-
tic intervention in the 1980s. In the haste to adopt this novel 
technology, a poorly refi ned technique produced a high ini-
tial complication rate and an unacceptable restenosis rate. 
The laser was removed from the cardiac catheter suite and 
innovation was confi ned to the vascular surgical use in distal 
complex lesions below the knee. Success in this fi eld led to a 
rejuvenated, if more cautious return to the therapeutic inter-
vention in coronary atherosclerosis. 

 Eigler and colleagues [ 37 ] were the fi rst to report a series 
of 200 patients that underwent excimer laser therapy to 
aorto-ostial lesions. This group of patients were considered 
at the time to be poor candidates for the conventional balloon 
angioplasty that was available. Twenty eight percent of those 
patients reported underwent ECLA to a saphenous vein graft. 
The ECLA registry was a multicentre prospective registry of 
all patients undergoing ECLA and was a record of proce-
dures performed in 20 centres in the United States, Canada, 
Great Britain and Japan. Patients were included if they had a 
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symptomatic stenosis with provocable ischaemia on stress. 
Patients with a recent MI were excluded. A 308 nm xenon 
chloride excimer laser (Advanced Interventional Systems 
Inc, Irvine, California, USA) was used with catheter sizes 
ranging from 1.3 to 2.2 mm in diameter. Acute procedural 
success was achieved in 90 % of patients, but one-third of 
failures were associated with major complications. The inci-
dence for in-hospital complications was 3.9 % with seven 
patients requiring bypass surgery, one patient suffering a Q 
wave infarct and four patients having an extensive dissec-
tion. Coronary perforation occurred in two patients. Sixteen 
percent required repeat intervention for symptoms at clinical 
follow-up. The SVG patients had a 6 month mortality of 
1.2 % and a repeat revascularisation procedure was required 
in 14.3 %. Eighty percent of patients in the SVG group 
remained event free. 

 One year later, Bittl et al. [ 38 ] studied 495 patients who 
underwent ECLA for 545 saphenous vein graft stenoses. 
Clinical success was achieved in 455 (92 %) as indicated by 
a less than 50 % residual stenosis in each target lesion. In 
hospital complications were death (1 %), bypass surgery 
(0.6 %), and myocardial infarction 4.6 %. Ostial lesions and 
lesions in smaller vein grafts had a greater likelihood of suc-
cess. These results were obtained in the pre-stent era using 
older laser technology. 

 The evolution of the laser technology was rapid, with 
improved delivery systems and more malleable catheters 
leading to improved results. Topaz et al. [ 39 ] reported a large 
series of 1862 patients with 2038 lesions who underwent 
laser angioplasty using a novel solid-state, mid-infrared 
holmium:YAG laser with a 2.1 μm wavelength. 10.6 % of 
these lesions were in saphenous vein grafts. Stenosis reduc-
tion occurred in 87 % of lesions without the need for balloon 
angioplasty. In-hospital bypass surgery was required in 
2.5 % of patients, Q-wave MI in 1.2 % and death in 0.8 %. 
Perforation occurred in 2.2 % of patients and a major dissec-
tion in 5.8 %. Clinical restenosis occurred in 34 % of patients 
at 6-months. In this series, there were no signifi cant outcome 
differences between the lesions treated in the native coronary 
vessel and those in SVGs. Although the immediate proce-
dural success rates were good, with an acceptable complica-
tion rate, the disappointing restenosis rates required further 
refi nement of the technique. 

 It should be also recalled that the fi eld of percutaneous 
coronary intervention was rapidly developing at the same 
time in the mid 1990s. Strauss et al. [ 40 ] performed the fi rst 
detailed quantitative angiographic analysis of immediate 
procedural and late follow-up lesions in patients who had 
undergone percutaneous ECLA exclusively to SVG lesions. 
ECLA was performed in 125 SVG lesions throughout eight 
centres. Acute angiographic success (lesion stenosis reduced 
by more than 50 %) occurred in 54 % of lesions after ECLA 
and 94 % of lesions with adjunctive balloon angioplasty. The 

dissection rate was high at 48 % but these were generally of 
mild severity. Dissections were more likely in longer lesions 
and those in the body of the graft. Clinical success was 
achieved in 89 % within hospital complication rates at 0.9 % 
death, 4.5 % MI and 0.9 % need for emergent bypass surgery. 
In keeping with this high risk cohort, 1-year mortality was 
8.9 % with the 1-year event-free survival being 48 %. The 
authors acknowledge that the late restenosis and occlusion 
rate of the SVGs mitigated the early benefi ts of the 
procedure. 

 The New Approaches to Coronary Intervention (NACI) 
registry [ 41 ] was the next to report progress, with 887 
patients electively treated with ECLA. 16.6 % of these 
underwent intervention to the SVG. Procedural success was 
achieved in 84 % of the 887 patients, with complications 
including 1.2 % mortality, 0.7 % MI and 2.7 % emergent sur-
gery. The target lesion revascularisation rate was 31 % at 
1 year. There was no reported difference in either complica-
tion rate or outcome success in the SVG group versus those 
patients that had ECLA to the native coronaries. 

 In the Laser Angioplasty of Restenosed Coronary Stents 
(LARS) trail [ 42 ] the investigators report on a total of 440 
patients with restenosis or occlusions in 537 stents. Laser 
angioplasty success was achieved in 92 % of cases. Twelve 
percent of lesions treated were in SVGs, but again, no sig-
nifi cant differences could be elucidated between the graft 
cases and those treatments to native coronary vessels. Serious 
adverse events included death (1.6 %), MI 3.2 %, tamponade 
0.5 % and perforation (0.9 %). Bypass surgery was much 
less frequent than previously reported at 0.2 %. Although the 
authors were able to conclude that the safety of the proce-
dure was improving and that immediate results were encour-
aging, the lack of long-term follow-up hampered wider 
acceptance of the results. One year follow-up was reported 
by the Washington Hospital Center group for 320 patients 
with 340 SVG aorto-ostial lesions treated with either debulk-
ing laser and stenting or stenting alone [ 43 ]. Procedural suc-
cess (98 %) and complications (2.6 %) continued to improve. 
However, there appeared to be no benefi t to laser debulking 
at the 1 year follow-up point, as there was no difference in 
procedural outcomes, late clinical events and target lesion 
revascularisation between the two groups. Ajani et al. [ 44 ] 
reported on a series of 175 patients treated with ECLA com-
bined with intracoronary radiation. Interestingly, angio-
graphic restenosis was signifi cantly reduced at 6 month 
follow-up without a signifi cant rise in procedural complica-
tions in those patients receiving radiation plus ELCA. 

 Arguable the most infl uential of all the trails in ECLA is 
the CARMEL multicentre analysis [ 33 ,  39 ,  45 ]. This multi-
centre, international trial called Cohort of Acute 
Revascularisation in Myocardial Infarction with Excimer 
Laser (CARMEL) aimed to document the feasibility, safety 
and acute procedural results of ECLA in patients with acute 
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MI. The particular challenge in this group was thought to be 
the thrombus-laden lesions, and SVGs were the target vessel 
in 21 % of procedures. One hundred and fi fty-one patients 
were enrolled with quantitative coronary angiography and 
statistical analyses being performed by a core laboratory. 
Procedural success was achieved in 91 % of cases, with the 
most laser gain achieved in those lesions with the biggest 
thrombus burden. Although 4 % of patients died, each was in 
cardiogenic shock pre-procedure. Complications included 
perforation (0.6 %), dissection (4 %) acute vessel closure 
(0.6 %), distal embolization 2 % and bleeding (3 %). These 
much improved results can be attributed to not only operator 
experience, but also the refi nement of the laser technique, 
with slow advancement over the target lesion and the “saline 
fl ush” procedure reducing the risk of vessel dissection. The 
refi nement of the laser catheters with enhanced ablation 
capability also contributed to this substantial reduction in 
device related complications. 

 The Coronary graft Results Following Atherectomy with 
Laser (CORAL) trial was a prospective multicentre registry 
of laser therapy for degenerative SVG stenoses [ 46 ]. This reg-
istry was designed to prospectively evaluate the safety and 
effi cacy of excimer laser in patients presenting for PCI to 
SVG lesions. In total, 98 patients were enrolled in 18 centres 
between 2003 and 2004. Patients were excluded if the opera-
tor planned to use a distal protection device. Inclusion and 
exclusion criteria were aligned to those of the SAFER trial to 
allow exact comparisons to be made. The primary endpoint of 
30-day MACE occurred in 18.4 % driven primarily by non-Q 
wave infarct. Major procedural complications included no 
refl ow (5 %) and major dissection (1 %). There were no cases 
of vessel perforation. There was a high primary technical suc-
cess rate despite smaller vessel diameter when compared to 
the SAFER trial population. However, the assertion that 
ECLA would reduce the need for distal protection devices 
was not supported, and the authors recommended that the 
underutilisation of distal protection device in clinical practice 
be addressed to improve outcomes. 

 Finally, Niccoli et al. [ 47 ] published a case-control regis-
try of ECLA versus distal protection devices in patients with 
acute coronary syndromes due to SVG disease. The authors 
outlined the technical limitations of DPD although reaf-
fi rmed the support for their use when technically feasible. 
Seventy one consecutive patients with non-ST elevation 
ACS underwent either fi lter-assisted or ECLA-assisted PCI 
of a degenerative SVG. Baseline demographic data was the 
same in both groups. ECLA was used in 34 % of patients, 
notably for SVG lesions in which the fi lter could not be posi-
tioned in 14 cases. The other cases were through operator 
choice. Type IVa myocardial infarction was signifi cantly 
higher in the DPD group 49 % vs 21 %, p = 0.04, with tropo-
nin T levels being signifi cantly lower in the ECLA group. 
The angiographic index of reperfusion (TIMI fl ow and blush 
grade) was also better in the ECLA group. Although this was 
an observational study, the results are encouraging and pave 
the way for a randomised controlled trial of the use of ECLA 
in SVG stenosis causing non-ST elevation acute coronary 
syndromes.  

    St Thomas’ Experience 

 In a retrospective analysis of 50 consecutive ECLA treated 
SVGs at St Thomas’ Hospital, London (2014) angiographic 
success was achieved in 98 % of cases, with 6 % having a 
Type IVa myocardial infarction. Clinical follow- up at a mean 
of 2.8 ± 1.6 years demonstrated 10 % mortality, a further 
10 % TLR and 22 % hospitalisation with angina.  

    Case Examples of ECLA in SVG lesions 

  Case 1 (Fig.  5.4 ) 
    A 77-year-old male with a history of coronary artery 
bypass grafting in 1993 with a LIMA to the LAD, SVG to 
RCA and SVG to D1 was admitted for urgent elective PCI 

a b c

  Fig. 5.4    ( a ) Severe proximal disease of SVG-D1 with mid-vessel occlusion. ( b ) After 1.7 mm Excimer laser. ( c ) Final image after single stent       

 

5 Laser Revascularisation in Saphenous Vein Grafts



78

to his diagonal vein graft. Eight French right femoral 
 arterial access was obtained and a left coronary bypass 
(LCB) guide catheter (Medtronic) was used to intubate 
the SVG. A severe proximal lesion with mid-vessel occlu-
sion was  demonstrated in the diagonal graft with high 
thrombus burden and Thrombolysis In Myocardial 
Infarction (TIMI) fl ow grade I. Primary use of a distal 
protection device was precluded by vessel occlusion. A 
Whisper MS (Guidant) wire was advanced to the distal 
native diagonal vessel. The Spectranetics CVX-300 (CO, 
USA) excimer laser catheter system was used to debulk 
the lesion using a 1.7 mm laser fi bre. Vessel recanaliza-
tion was achieved following several passes with marked 
debulking and vaporisation of thrombotic material achiev-
ing TIMI III fl ow. The Whisper MS wire was exchanged 
for a distal protection device (DPD), Filterwire EZ 
(Boston Scientifi c, MA, US). The vessel was pre-dilated 
using a 2.5 × 12 mm Apex™ (Boston Scientifi c, Natick, 
US) balloon, and a 3.5 × 38 mm drug-eluting stent 
(Xience Prime; Abbott Vascular, CA, US) was deployed. 
An excellent angiographic result was achieved with TIMI 
III fl ow. There was no measurable rise in CK 24 h 
post-procedure.  

  Case 2 (Fig.  5.5 ) 
    A 73-year-old male was admitted to hospital with an acute 
coronary syndrome with ST-segment depression in the poste-
rior ECG leads. He had undergone previous coronary artery 
bypass grafting with LIMA to LAD, SVG to RCA, SVG to 
OM and SVG to Diagonal in 1995. Coronary angiography 
demonstrated a severe proximal lesion in the diagonal vein 
graft. Using an 8 Fr LCB (Medtronic) guide catheter to intu-
bate the graft, a Whisper MS wire (Guidant) was advanced 
into the distal native diagonal vessel. Excimer coronary laser 
atherectomy (ECLA) was performed (Spectranetics CVX-
300®) with a 1.7 mm laser fi bre. The severe proximal lesion 
was debulked and the whisper wire was exchanged for a 
FilterWireEZ™ (Boston Scientifi c, MA, US) distal protec-
tion device that was positioned in the distal graft. A 
3.5 × 12 mm drug-eluting stent (PROMUS Element, Boston 
Scientifi c, US) was deployed with excellent angiographic 
result, TIMI III fl ow and no measurable CK rise at 24 h.  

  Case 3 (Fig.  5.6 ) 
    A 69-year-old male was admitted for elective PCI to SVG 
RCA. He had a history of increasing angina with a positive 
myocardial perfusion scan on a background of previous 

d e f

  Fig. 5.5    ( d ) Tight proximal SVG-D1 lesion. ( e ) After debulking with excimer laser coronary atherectomy. ( f ) Final result       

g h i

  Fig. 5.6    ( g ) Severe proximal and distal lesions in the RCA-SVG. ( h ) Following debulking with ECLA. ( I ) Final result       
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 coronary artery bypass graft surgery in 1993 with a LIMA to 
LAD, SVG to RCA, SVG to Diagonal and SVG to 
OM. Diagnostic imaging demonstrated proximal occlusion of 
his native left and right coronary arteries with loss of OM and 
diagonal grafts, a patent LIMA to LAD with TIMI III fl ow and 
an SVG to RCA with two signifi cant stenoses. An 8 Fr 
Multipurpose A (MPA) catheter was used to intubate the vein 
graft. A Luge® wire (Boston Scientifi c, MA, US) was advanced 
into the distal native RCA. ELCA was performed using a 
1.7 mm laser fi bre with the CVX-300® laser system 
(Spectranetics, CO, US). This resulted in considerable debulk-
ing of the vessel lesions and suffi cient atherectomy to enable 
positioning of distal protection device, FilterWireEZ™ 
(Boston Scientifi c, MA, US). A primary drug-eluting stent 
(DES) (Taxus™ 3.5 × 32 mm) was deployed distally at 16 atm, 
followed by an overlapping DES (Taxus™ 3.5 × 24 mm) to 
treat the proximal lesion. Excellent angiographic result was 
obtained with TIMI III fl ow and no CK rise at 24 h.  

  Case 4 (Fig.  5.7 ) 
    A 69-year-old male was admitted for elective PCI to SVG-RCA 
prior to renal transplant surgery for end-stage renal failure. He 

had been experiencing progressive exertional chest pain and 
non-invasive imaging had demonstrated extensive ischaemia. 
He had undergone coronary artery bypass grafting 18 years pre-
viously and diagnostic coronary angiography demonstrated 
occlusion of all native vessels, with a patent LIMA to LAD and 
only one remaining SVG to RCA with a tight proximal stenosis. 
An 8 Fr Multipurpose A (MPA) guide catheter with sides holes 
was used to intubate the SVG-RCA, the tight proximal stenosis 
precluded use of DPD; a Luge® wire (Boston Scientifi c, MA, 
US) was advanced distally and into the native RCA. ELCA was 
performed using the CVX-300® laser system (Spectranetics, 
CO, US) and a 2.0 mm laser fi bre. FilterWireEZ™ (Boston 
Scientifi c, MA, US) was then positioned distally with deploy-
ment of a Yukon® 3.5 × 16 mm drug-eluting stent (Translumina, 
Germany) infl ated to 16 atm and post-dilated using a NC 
Quantum™ Apex balloon (Boston Scientifi c, MA, US) to 
4.0 mm. Excellent angiographic result was obtained with TIMI 
III fl ow and no measurable CK rise at 24 h post-procedure.  

  Case 5 (Fig.  5.8 ) 
    A 73-year-old gentleman attended for elective PCI to his SVG-
PDA. This was on a background of increasing angina and max-

j k l

  Fig. 5.7    ( j ) Tight proximal SVG-RCA lesion. ( k ) Post-excimer laser coronary atherectomy. ( l ) Final result following deployment of single stent       

m n o

  Fig. 5.8    ( m ) Thrombosed SVG to RCA, patent SVG-PDA with two severe focal lesions. ( n ) Excimer laser coronary atherectomy. ( o ) Final result 
on delivery of single stent       
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imal anti-anginal therapy. Coronary artery bypass grafting had 
been performed in 1989 with LIMA to LAD, SVG to PDA, 
OM, circumfl ex and diagonal vessels. He then underwent redo 
CABG with SVG to RCA, Circumfl ex, OM and a free RIMA 
to his diagonal vessel with a 23 mm Perimount bioprosthetic 
aortic valve replacement. Diagnostic angiography demon-
strated a patent LIMA to LAD, SVG to OM and two severe 
focal lesions of the SVG-PDA and completely thrombosed pre-
vious SVG to RCA. The SVG to PDA was intubated using an 
8 Fr MPA guide catheter and a Luge® wire (Boston Scientifi c, 
MA, US) was advanced distally. ELCA was performed using 
the CVX-300® laser system (Spectranetics, CO, US) with a 
2.0 mm laser fi bre to debulk the vessel. Luge® wire was 
exchanged for distal protection device FilterWireEZ™ (Boston 
Scientifi c, MA, US), positioned just beyond the second focal 
lesion. A Liberte 4.0 × 28 mm bare metal stent was delivered 
and deployed at 16 atm. Post-dilatation was performed with an 
NC Quantum™ Apex balloon (Boston Scientifi c, MA, US) to 
4.5 mm. Good angiographic result was obtained with TIMI III 
fl ow with no measurable rise in CK at 24 h.  

  Case 6 (Fig.  5.9 ) 
    A 48-year-old male attended for elective PCI to his 
SVG-OM. He underwent coronary-artery bypass grafting 
7 years previously with LIMA to LAD, SVG to OM and 
SVG to Cx with PCI to SVG-OM 2 years later. He re- 
presented with increasing exertional chest pain and breath-
lessness, diagnostic angiography demonstrated in-stent 
restenosis of his proximal SVG-OM stent with high- 
thrombus burden. Eight French Amplatz Left 1 (AL1) 
(Cordis Corp, FL, US) guiding catheter with side holes was 
used to intubate the SVG-OM. Luge wire advanced to the 
distal native OM. ELCA was performed using a 1.7 mm laser 
fi bre and the Spectranetics CVX-300® laser system (CO, 
US). This resulted in marked debulking of the diseased vein 
graft with vaporisation of thrombotic material. A distal pro-
tection device FilterWireEZ™ (Boston Scientifi c, MA, US), 
was positioned distally just prior to the anastomosis and 

three overlapping, TAXUS® Liberte® drug eluting stents: 
3.5 × 20, 3.5 × 32, 3.5 × 24 mm, were deployed in the OM 
vein graft with excellent angiographic result and TIMI III 
fl ow. No measurable rise in CK was demonstrated at 24 h.   

    Conclusions 

 Coronary artery bypass grafting has been instrumental in 
the treatment of coronary atherosclerosis over the last 
four decades. However, the long term patency of saphe-
nous vein grafts has been disappointing, and redo revas-
cularisation in this cohort of patients is at some 
considerable risk. The option of percutaneous interven-
tion in these grafts is attractive, although technically chal-
lenging due to the unique pathological process observed 
in the venostenotic phenomenon. The use of distal protec-
tion devices has improved both short term procedural suc-
cess and event free survival, but their utilization is far 
from ubiquitous. Several anatomical and pathophysiolog-
ical factors prevent their use in a routine fashion. 

 Percutaneous excimer coronary laser angioplasty had a 
diffi cult early developmental period with widespread use 
in inexperienced hands leading to poor outcomes. As 
experience has been gained, registry data has very much 
supported the use of ECLA as a useful adjunct in the 
treatment of SVG stenoses. With higher success rates and 
lower complication rates it is likely that the use of this 
exciting technology will increase further in the future.     
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      Excimer Laser Revascularization 
of Calcified Lesions       

     Waleed     Alharbi       and     Luc     Bilodeau     

            Introduction 

 Calcifi ed coronary and peripheral vessel stenosis are one of 
the leading causes of mortality and morbidity in US. Despite 
being a relatively common problem, vascular calcifi cation 
has been underappreciated. Due to suboptimal procedural 
results and poor clinical outcomes, including high major 
adverse cardiovascular events and angiographic complica-
tions, most drug-eluting stent clinical trials have excluded 
moderate to severe calcifi ed lesions. Another challenging 
aspect is that angiography underestimates the presence, 
extent and axial depth of calcium, which makes other imag-
ing modalities such as IVUS a valuable aid in assessment of 
calcifi ed lesions. Debulking technique is occasionally an 
essential facilitator as endovascular treatment in subset of 
patients with such complex coronary or peripheral vessel 
lesions where the straightforward dilatation and stenting of 
vessel are not feasible. Plaque shift, uncrossable lesions and 
undilatable vessels are possible challenges to the simple 
PTCA and PCI. To avoid balloon failure, technical failure, 
incomplete revascularization or complications, excimer 
laser coronary angioplasty is an attractive additional 
resource to deal with these challenging lesions. Herein, we 
will discuss the decision matrix, detailed technique and the 
role of ELCA in calcifi ed lesions.  

    Historical Considerations 

 Twenty years ago, the excimer laser coronary angioplasty 
developed and introduced as one of the potential competitors 
to balloon angioplasty for the treatment of stenotic coronary 
arteries. ELCA designed to ablate the obstructive athero-
thrombotic plaque compared to PTCA, which increases ves-
sel lumen dimension. However, ECLA has been plagued by 
technical challenge and serious concerns regarding compli-
cations compared to PTCA. When the coronary stents 
emerged as superb procedure in regards of safety outcomes 
and lower restenosis rates, ELCA technology faded out of 
interest and became limited to subsets of specifi c lesions 
such as undilatable lesions, diffuse in-stent restenosis and 
chronic total occlusions. The setback caused no further 
development in design technology of ELCA over the years 
regarding safety and effi cacy. 

 The renaissance of ELCA technology is dependent on its 
mere use as debulking and crossing tool in heavily calcifi ed 
CTOs with the emergence of improved techniques to treat 
CTOs percutaneously rather than coronary artery bypass 
graft surgery. We believe with further improvement in adapt-
ability, availability and teachability of ELCA technique, 
could lead to dramatically increased number of successful 
challenging CTO revascularizations (Fig.  6.1 ).

       Laser Technology Design 

 LASER stands for light amplifi cation by stimulated emission 
of radiation. The energy produced by laser is from an excited 
active medium such as Xenon Chloride by an electrical 
energy and emits either continuous or pulsed monochro-
matic, coherent light. This is the basic principle in all laser 
energy applications. In coronary application the only 
approved laser system is a pulsed excited dimer (excimer) 
laser system that utilizes Xenon Chloride with wavelength of 
308 nm. The utility of using ultraviolet light lies in its short 
penetration depth of 50 micromillimeters. Tissue ablation 
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takes place by one of three major mechanisms of action by 
ELCA: photochemical (breakdown of molecules), photo-
thermal (vaporization of tissue) and photomechanical 
(Fig.  6.2 ). Each ELCA mechanism of action is optimal for 
specifi c target tissue type. With each pulse of energy from 
the excimer laser catheter, 10 micromillimeters of tissue 
layer is eliminated. The beauty of this technology is only the 
contacted tissue is ablated without surrounding tissue dam-
age. For calcifi ed lesions, the photomechanical action is the 
main implicated action for calcifi ed vessel lesions. Localized 
atheroablation executed by ELCA can be observed in intra-
vascular ultrasound examination [ 1 ]. ELCA actually in addi-
tion changes vessel compliance [ 2 ]. As in the (Fig.  6.3 ), by 
IVUS the lumen area increases post laser administration 
where 45 % of the gain came from plaque removal and 55 % 
came from vessel compliance expansion.

        Calcifi ed Lesion Morphology 

 To understand the calcifi ed lesion “anatomy” will start to 
understand the main differences of atherosclerotic intimal 
calcifi cation versus medial calcifi cation (Table  6.1 ) [ 3 ]. 
Atherosclerotic calcifi cation is lipid driven disease with 

ELCA

Debulking

Crossing

Calcified plaque

Undilatable in-stent
re-stenosis

Uncrossable chronic
total occlusion

  Fig. 6.1    Major uses of ELCA in 
the current era is what make this 
modality signifi cant nowadays       

Three mechanisms of action

Breaking molecular
bonds Creating kinetic energy

Producing thermal
energy

Photochemical Photothermal Photomechanical

1 2 3

  Fig. 6.2    Mechanisms of action 
for ELCA       
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  Fig. 6.3    Cartoon demonstration of vessel lumen pre and post 
ELCA use       
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small and focal calcifi ed deposits, which commonly seen in 
coronary arteries [ 4 ]. Medial calcifi cation (Monckeberg’s 
sclerosis) in the other hand, the calcifi cation occurs in smooth 
muscle cell commonly seen in peripheral arteries (Fig.  6.4 ). 
Medical calcifi cation is primarily believed to be in response 
to metabolic and hormonal dysfunction, where long sheets of 
calcium along the elastin fi bers in the media are formed 
(Fig.  6.5 ) [ 5 ]. The problem with medial calcifi cation, that it 
can encompass the entire vessel circumference causing 
 stiffening of the vessel [ 6 ,  7 ]. Surprisingly medial calcifi ca-
tion is widely prevalent in peripheral artery disease up to 
77 % of all vessels with atherosclerotic plaques. The litera-
ture showed wide variability in prevalence of calcium in 
peripheral arterial disease 32–75 %, but the severe form of 
calcifi cation was found in medial calcifi cation cohort com-
pared to intimal atherosclerotic calcifi cation which mostly 
soft material [ 7 ]. The disparity in medial versus intimal ath-
erosclerotic calcium is found larger in diabetics [ 8 ]. Only 
10 % with severe intimal calcium and 80 % had no or sparse 
calcium compared to 100 % severe medial calcifi cation 
(Table  6.2 ).

      Medial calcifi cation correlated to the most diffi cult patient 
populations and it is highly correlated to cardiac risk factors 
such as diabetes, smoking, dyslipidemia, end-stage renal dis-
ease and coronary artery disease [ 9 – 11 ]. Recognizing this 
entity is paramount because trying to remove medical cal-
cium directly would be ineffective and has a high risk of trig-
gering restenosis and vessel damage especially in the severe 
form due to subintimal tear from balloon injury, which sub-
sequently will cause restenosis [ 12 ]. ELCA still an option if 
the case did not show evidence of severe luminal calcifi ca-
tion with cobblestone in multiple quadrants as assessed by 
IVUS, which are markers of hard heavily calcifi c vessel with 
high risk of complications (Fig.  6.6 ) is an overview decision 
tree when facing with calcifi cation. Vascular calcifi ed lesions 
harbors broad known complications:

     1.    Prone to dissection during balloon angioplasty or 
 predilation [ 13 ].   

   2.    Diffi culty to completely dilate [ 14 ].   
   3.    Prevent adequate stent expansion [ 15 ].   
   4.    May result in stent malapposition [ 16 ].   
   5.    Insuffi cient drug penetration and subsequent restenosis 

[ 17 ].   
   6.    Perforation   
   7.    Restenosis due to excessive balloon dilation.    

      Patient Selection 

 The main use of laser revascularization are two major utili-
ties: As debulking tool and crossing tool to facilitate the 
preparation of the action area for stenting, form a channel to 

   Table 6.1    Pathological difference between atherosclerotic and medi-
cal calcifi cation   

 Atherosclerotic (Subintimal lipid 
driven disease) 

 Medial Calcium (metabolic, 
smooth muscle cells regulated 
disease) 

 Eccentric  Concentric 

 Lumen deforming  Vessel stiffening 

 Fibrous intimal cap  Medial fi brosis & calcifi cation 

 Small, focal calcium deposits  Sheets of calcium along elastin 
fi bers 

Calcification

Elastholysis

Lipoprotein deposition,
cholesterol-laden foam cells

Fitrous cap  Fig. 6.4    Atherosclerotic vs. 
medical calcifi cation       
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cross the lesion and to tackle with improperly expanded cor-
onary stent. The following lesion subsets are mainly indi-
cated in ELCA: 

    In-Stent Restenosis 

 ELCA is an ideal technique for lesions that an adequately 
sized stent is not able to expand the lesion completely despite 
high pressures of up to 20 atm or more, where the unique 
capability of ELCA in preparing non-compliant plaque 
lesions for stenting proved effi cacious and powerful aid. 
ELCA competes with rotational atherectomy or cutting- 
balloon catheters for this indication [ 18 ,  19 ]. The reason 
behind that, its ablative role and its induction of imploding 

vapour bubbles which creates microfi ssures to the  obstructive 
plaque which allow complete balloon infl ation during post-
dilation. For non-compliant plaques already stented where 
high-pressure balloon, buddy wire balloon infl ation or cut-
ting balloon infl ation have failed to optimize stent implanta-
tion, ECLA remains the only choice of treatment.  

    Uncrossable Chornic Total Occlusions 

 Traditionally, chronic total occlusions have been one of the 
challenging lesion subsets in percutaneous vessel interven-
tion. Some of these CTOs have calcifi ed, densely fi brotic, 
angulated or severely stenotic artery lesions are uncrossable 
by the smallest balloons preventing proper dilatation 
(Fig.  6.7 ). The estimated wired lesions not be crossed by bal-
loons is 1–2 %. The interventionist will start to entertain 
other options for treating an uncrossable CTO such as 
CABG, medical therapy or using other multiple CTO tools 
exist for the challenging uncrossable CTO lesion profi le such 
as development of smallest balloon catheter crossing profi le, 
single marker balloon, rotational atherectomy, Tornus cath-
eter (Asahi Intec Co) and ELCA.

   The use of ELCA in CTO is to achieve two major goals. 
First is debulking for preparation of the vessel for balloon 

a b

c d

  Fig. 6.5    Histopathological differences between medial and intimal 
calcifi cation. ( a ) Presence of mild medial calcium but no intimal cal-
cium  present. ( b ) Presence of advanced medial calcium with evidence 
of focal intimal calcifi cation. ( c ) Presence of severe medial calcifi cation 

with bone formation and evidence of sparse intimal calcium. ( d ) 
Presence of heavy medial calcifi cation with sparse intimal calcifi cation 
and high lipid content       

   Table 6.2    Incidence of calcifi cation severity between intimal and 
medical calcifi cation   

 Degree of 
calcifi cation 

 Medial calcium 
(Monckeberg’s sclerosis) 

 Intimal calcium 
(atherosclerosis) 

 None  36 % (all non diabetics)  64 % 

 Sparse  5 %  18 % 

 Mild/Moderate  9 %  9 % 

 Severe  50 % (100 % in diabetics)  9 % 
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  Fig. 6.6    Angiographic, 
pathological and 
Histopathological correlation in 
different types of vessel lesions       
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crossing with low distal embolization rate compared to other 
debulking devices. Second is lesion modifi cation for opti-
mizing stent apposition. Even after successful wire passage 
across a CTO PCI is sometimes limited similarly by the 
inability to pass with a balloon catheter. In this particular set-
ting ELCA is a valuable option since, in contrast to rotational 
atherectomy, it can be advanced along standard guidewires. 
The laser can create a channel through the CTO, which 
allows a balloon catheter to pass afterwards in order to facili-
tate fi nal vessel reconstruction by stent implantation [ 19 ]. 

 A subgroup analysis of the randomized AMRO trial in 
patients with functional or total coronary occlusions >10 mm 
evaluated the safety and effi cacy of ELCA plus PTCA versus 
PTCA alone [ 20 ]. Angiographic success rates were similar in 
both groups at 65 and 61 %. Net lumen gain at 6 months was 
also not signifi cantly different (0.81 ± 0.74 mm versus 
1.04 ± 0.68 mm), whilst there was at least a trend towards a 
lower restenosis rate in the PTCA group alone (48.5 % ver-
sus 66.7 %; p = 0.15). A special 018-in. laser wire was intro-
duced to address those CTOs, which cannot be passed with 
standard or dedicated crossing wires [ 21 ]. This wire was 
quite rigid and wire exits during the crossing attempt were 
not infrequent.   

    Equipment 

    Laser Catheters 

 Laser catheters are available as rapid exchange devices or 
over-the-wire. The laser catheter consists of 50 μm fi bers 
that arranged either in eccentric or concentric fashion 
around 0.014-in. guidewire or 0.018 in. for the 2 mm 
eccentric laser catheter. The eccentric ELCA catheters 
were developed to increases the size of ablation and deals 
with eccentric coronary lesions. The operator targets these 
eccentric lesions by rotating the eccentric ELCA catheter 
and apposes the lasing part of the catheter tip towards the 
plaque eccentric lesion. The recommended laser size 

catheter size should not exceed 50 % the reference vessel 
diameter, though 0.9 mm catheter size 0.9 mm is mainly 
used in most cases. The laser wire 0.018 and 0.7 mm con-
centric catheter were abandoned due to complications 
from inconsistent energy delivery with 0.7 mm catheter. 
Detailed catheter sizes and comparison between them in 
this following (Table  6.3 ). These laser catheters evolved 
over time in design to achieve homogenous distribution of 
light to reduce vessel wall trauma and less energy density 
without losing tissue penetration effi cacy by designing 
thicker laser fi bers and minimizing dead space around the 
fi bers in the ELCA catheter [ 22 ].

        Technical Strategy 

    General Steps of ELCA Procedure 

 –     Confi rm the patient received dual antiplatelet therapy at 
least 6 h before the procedure in elective cases.  

 –   The laser unit should be set up and the warm-up time 
started for 5 min.  

 –   Patient and all personnel in the catheterization laboratory 
must wear laser eye protection glasses.  

 –   Calibration of the intended laser catheter size.  
 –   Establish vascular access  
 –   Administration of unfractionated heparin to achieve tar-

get activated clotting time of 300 s.  
 –   Choose guide catheter sizes according to the planned 

ELCA catheter size.  
 –   Position the guide catheter in the ostium of the target arte-

rial vessel.  
 –   Secure correct guidewire positioning in the vessel lumen 

and should be passed across the target lesion under fl uo-
roscopic guidance.  

 –   The laser catheter is then advanced over the wire to come 
into contact with the target lesion and insure proper back 
up either active or passive from guiding catheter to prop-
erly apply laser therapy on target lesion.  

   Table 6.3    Comparison between different ELCA catheter types and sizes   

 Device description  0.9 mm RX  0.9 mm RX  1.4 mm RX  1.7 mm RX  2 mm RX  1.7 mm E RX  2 mm E RX  0.9 mm OTW  0.9 mm OTW 

 Tip Design  Concentric  X-80 Catheter  Concentric  Concentric  Concentric  Eccentric  Eccentric  Concentric  X-80 catheter 

 Max guidewire 
compatibility 

 0.014  0.014  0.014  0.014  0.014  0.014  0.018  0.014  0.014 

 Max tip outer 
diameter 

 0.038  0.038  0.057  0.069  0.080  0.069  0.079  0.038  0.038 

 Shaft diameter  0.049  0.049  0.062  0.072  0.084  0.072  0.084  0.049  0.049 

 Guide catheter 
Compatibility 

 5 Fr  5 Fr  7 Fr  7 Fr  8 Fr  7 Fr  8 Fr  5 Fr  5 Fr 
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 –   Guide catheter is fl ushed with at least 10–20 cc of normal 
saline to wash out blood or contrast (Flush & Bathe 
Technique.)  

 –   First pass laser activation should be performed with a fl u-
ence of 45 mJ/mm 2  and a repetition rate of 25 Hz.  

 –   If resistance noticed, fl uence and repetition rates can be 
increased to a maximum fl uence of 80 mJ/mm 2  and repe-
tition rate of 80 Hz depending on the laser catheter used. 
Also, could use laser without fl ush to get increased local 
reaction.  

 –   During each lasing pass continuous infuse 1 cc/s normal 
saline in the guide catheter, or no fl ush in resistant lesions.  

 –   During laser activation the ELCA catheter is advanced 
slowly at 0.5–1 mm per second.     

    Coronary Optimal Revascularization Strategy 

     1.     Calcifi ed plaque  ( high energy 100  %):
    (a)    Laser energy emitted from the catheter tip was cali-

brated at 35–60 mJ/mm 2 . Experience showed that 
higher-energy fl uences are often required for success-
ful ablation, particularly with heavily calcifi ed 
lesions, which treated with energy fl uences of 
45–50 mJ/mm 2 ; even higher fl uences were used if the 
lesion was heavily calcifi ed or attempted laser angio-
plasty at a lower fl uence was unsuccessful.   

   (b)    After calibration of laser tip energy, the laser catheter 
was advanced over the guidewire until it reaches 
immediately proximal to the lesion. Under fl uoro-
scopic control, the laser catheter is advanced slowly 
across the lesion while laser pulses were delivered at 
20 Hz.   

   (c)    After each passage through the lesion, the catheter 
was withdrawn, and angiographic contrast was 
injected. Multiple passes were might be required 
through the lesion based on angiographic debulked 
area.    

      2.     Uncrossable calcifi ed lesions  ( regular energy ): In the 
attempt of trying to cross a lesion with wire but unsuc-
cessful in crossing the lesion with a balloon that’s defi ne 
uncrossable lesions. In this type of lesions, using laser 
facilitates in preparing the lesion for balloon passage. The 
steps of recanalization uncrossable lesion has fi ve major 
general milestones:
    (a)    Crossing proximal fi brous cap: 

 With the laser wire 0.9 mm X-80 catheter, you cre-
ate a channel for the balloon to cross the occlusion 
and penetrate the proximal cap. Then, exchange for 

conventional wire and advance wire to distal cap. If 
conventional wire will not penetrate distal cap, 
exchange again for laser wire. Rather than drilling the 
distal cap with stiff wire, an attempt to puncture the 
cap with a forward movement directed exactly per-
pendicular to the tangent of the convex curvature of 
the cap. This is the advantage of laser wire where it 
can penetrate distal fi brous cap without need for 
rotation.   

   (b)    Crossing distal fi brous cap   
   (c)    Crossing lesion with balloon   
   (d)    Opening lesion to prepare the lesion for stenting    

      3.     Suboptimal non - dilatable stent  ( high energy ,  no fl ush 
and Bathe technique ) 

 Calcifi ed balloon-resistant coronary lesion is an impor-
tant cause of stent underexpansion if the lesion is not well 
prepared for stenting. Laser could play a major role in 
facilitating stent expansion in balloon resistant lesions. 
The steps are as follow [ 23 ]:

    1.    Perform pre-dilatation with a non- compliant balloon 
prior to ECLA of the target lesion. Once balloon underex-
pansion was confi rmed at angiography, calibration of the 
catheter was then performed and the desired energy level 
was set up.   

   2.    The ELCA catheter (Turbo Elite catheter®, 0.9–2.0 mm; 
Spectranetics Corporation, Colorado Springs, CO, USA) 
used to pass over the guidewire, then inserted within the 
stent and advanced slowly toward the underexpanded 
zone. The catheter tip is maintained in close contact with 
the undilatable zone without necessarily crossing the 
lesion. The speed of this advancement was limited to 0.5–
1.0 mm per second to avoid dotter effects, dissections and 
suboptimal ablation.   

   3.    The laser 6 Fr-compatible catheter incorporates 65 con-
centric 50 lm fi bers with the potential of delivering 
excimer energy from 30 to 80 mJ/mm (fl uence) at pulse 
repetition from 25 to 80 Hz, using a 10-s on and 5-s off 
lasing cycle [ 24 ].   

   4.    For example you can start with laser energy at 60 fl uence 
and 40 Hz. Laser energy is then increased to 80 fl uence 
and 80 Hz for two additional sequences without applying 
the classical “fl ush and bathe” technique, which is usually 
used to replace all blood and contrast within the vessel 
with crystalloid before activating the laser to decrease 
vapour bubble formation and its corresponding acousto- 
mechanical trauma.    

      An illustrated example of a technical strategy of sub-
optimal stent deployment case using excimer laser is in 
Figs.  6.8 ,  6.9 ,  6.10 ,  6.11 , and  6.12  [ 24 ].
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a b

  Fig. 6.8    ( a ,  b ) Diagnostic coronary angiogram in both RAO cranial ( Right ) and LAO cranial ( Left ) showing severe diffuse in-stent restenosis 
(Mehran classifi cation type II) in the proximal segment of the bare-metal stent in the mid left anterior descending       

  Fig. 6.9    In-stent restenosis with sent underexpansion, which could not 
be disrupted by repeated high atmosphere balloon infl ations       

  Fig. 6.10    Excimer laser use started with laser energy at 60 fl uence and 
40 Hz. Laser energy was increased to 80 fl uence and 80 Hz for two 
additional sequences without applying the classical “fl ush and bathe” 
technique       

 

  

W. Alharbi and L. Bilodeau



91

            Peripheral Optimal Revascularization 
Strategy 

    Laser “Step-By-Step” Technique Figs.  6.13  
and  6.14  

     This technique fi rst described by Biamino and Schinert [ 25 ]. 
This technique not performed in coronary revascularization 
technique due to high perforation risk in this anatomical sub-
set compared to peripheral arterial vessels. The concept of 
the “Step-By-Step” technique involves use of ELCA ahead 
of the wire to cross the uncrossable lesions or occlusions 
with concentric laser and use of support catheter. The tech-
nique is particularly benefi cial in superfi cial femoral artery 
CTOs to enter fl ush occlusions without visible stump or to 
pass a segment that was resistant to crossing with a guide-
wire. The steps as follows:

    1.     Angiographic assessment : The initial angiogram 
assessment used to determine feasibility of the ELCA 
procedure by assessing the following Fig.  6.15 :
     (a)    Vessel take off   
   (b)    Vessel stump   
   (c)    Visibility of target vessel    

      2.     Wire insertion : insert hydrophilic wire 0.018/0.035 
wire and do the following:
    (a)    Approximate the proximal cap as accurately as 

possible   
   (b)    Look for wire buckle or prolapse for angiographic 

confi rmation. Be careful not to force the wire, it 
may create subintimal track, which laser will 
follow.    

      3.     Laser positioning : Fig.  6.16 
     (a)    Initially position the laser catheter proximal and 

directly on top of the occlusion with wire inside 
laser catheter.   

   (b)    Ensure the laser tip is not forced into dissection 
track or off-center.   

   (c)    Lead with the wire 1–2 mm ahead of the laser 
catheter.    

      4.     Initial laser activation : Fig.  6.17 
     (a)    Activate Laser 5–10 s without advancing with set-

ting 45/25 that assists in modifying the resistant 
proximal cap.   

   (b)    Attempt wire advancement slowly (proceeding 
<1 mm/s)    

  Fig. 6.11    After excimer use, complete balloon expansion resulted in 
fully expanded stent       

  Fig. 6.12    Final result after excimer laser and drug-eluting stents 
implantation showing no residual stenosis and complete apposition of 
the stents to the vessel wall in the RAO cranial view       
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      5.     Initial wire advancement : if successful continue pass-
ing wire distally into the lumen until either recanalize 
into distal bed or encounter resistance within the CTO 
Fig.  6.18 .

       6.     Unsuccessful wire advancement : if unsuccessful in 
advancing the wire after initial laser activation do the 
following:

    (a)    Increase rate setting for second attempt   
   (b)    Continue to increase rate settings for third and sub-

sequent attempts   
   (c)    Repeat previous steps   
   (d)    If still unable to fully cross the lesion, but have wire 

partially down the CTO, lase over wire to point of 
wire tip, adjust and attempt to re-advance wire/laser 
as described earlier.    

      7.     Intraluminal confi rmation : confi rm intraluminal 
placement by using multiple angles and 50 % contrast 
injection via laser catheter. If the wire position is intralu-
minal repeat the process. If the wire is extraluminal, pull 

the catheter back to most probable intraluminal location 
and redirect wire.   

   8.     Entering the patent distal segment : prior to entering 
target vessel, use multiple angles to confi rm position, 
then cross the last 2 cm of the occlusion with guidewire 
fi rst. Due to the nature of the distal cap formation, it is 
not unusual for the laser alone to create subintimal space 
at distal cap.   

   9.     Multiple Laser passes : perform at least two to three 
attempts with Laser catheter at low settings fi rst. If it 
didn’t work increase the settings as needed for second 
and third additional attempts. Next, exchange 0.035 with 
0.018 guidewire to allow saline fl ushing through the 
lumen during subsequent laser passes.   

   10.     Determine vessel run - off : perform angiogram to deter-
mine vessel run-off then determine what is your next 
planned step whether your decision the case is complete, 
the need of larger laser, PTCA or need of stenting 
Fig.  6.19 .

  Fig. 6.13    Step-by Step Technique of superfi cial femoral artery       

  Fig. 6.14    Cartoon illustration of “Step-by-Step Technique”       
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       The “Step-By-Step” technique has contributed to the low 
rate of occlusive arterial wall dissections, with a resultant 
stent frequency of only 7.3 % [ 26 ]. Other relevant complications 

reported were acute occlusion of 1 %, perforation 2.2 % and 
distal embolization of 3.9 %. In the LACI trial where “Step-
By-Step” technique used in 17 % of lesions resistant to 
guidewire navigation in critically ischemic limbs, it helped 
to achieve crossing in 88 % of these cases [ 25 ].   

    Complications 

 Over the years of laser technology evolution and application, 
interventionists and engineers realized that ultraviolet laser 
energy is absorbed in blood or contrast medium, inducing 
acoustic effects generating imploding vapor bubbles which 

  Fig. 6.15    Angiographic assessment of superfi cial femoral artery to 
determine feasibility of the “Step-by-Step Technique” using the 
excimer laser       

  Fig. 6.16    Wire insertion and excimer laser catheter positioning       

  Fig. 6.17    Initial excimer laser activation       

  Fig. 6.18    Initial wire advancement       

a b

  Fig. 6.19    ( a ,  b ) After intraluminal confi rmation, entering the patent 
distal segment, performance of multiple excimer laser passes and the 
distal vessel run-off is determined, a transluminal balloon angioplasty 
and stenting performed successfully to the superfi cial femoral artery       
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produce rapid microsecond dilation followed by invagina-
tion of the adjacent arterial segment. This will result in 
extensive tissue wall damage with medial necrosis and intra-
mural hematoma, resulting in dissections and perforations 
[ 20 ,  27 ]. However this photo acoustic effect could be useful 
for plaque modifi cation if lesion remains resistant. 

 The observed unwanted effect of ELCA is the generation 
of imploding vapor bubbles creating local dissections or caus-
ing perforations especially in context of ELCA activation in 
blood or contrast medium, which continuous saline fl ush dur-
ing laser activation minimized this issue by displacement of 
blood or contrast medium from the arterial vessel [ 28 ]. 

    Coronary Complications 

 The rate of major complication rates with ELCA is low and 
similar to conventional PTCA. The statistical data report 
from US and Europe PELCA registry (Percutaneous excimer 
laser coronary angioplasty) revealed mortality rates <1 %, 
emergent CABG in 3.1 % and STEMI in 2.3 %. Complications 
incidence from ELCA can be divided into two eras: Pre- 
saline fl ush era and saline fl ush era. The incidence of compli-
cations reduced dramatically after the introduction of saline 
fl ushing during ELCA application. The possible complica-
tions as follows [ 29 – 32 ]:

    1.     Arterial dissections:  they were common in pre-saline 
fl ush era that was reported up to 24 % that make it the 
most frequently observed ELCA complication. The com-
plicated dissections followed by abrupt closure occur in 
5–6 % [ 32 ]. There are other major factors that might 
impact on dissection risk such as laser catheter size espe-
cially with 1.2 mm compared to 0.9 mm device, technical 
strategy, vessel size and area of action.   

   2.     Perforations:  They occur in about 2 % with 1.5 % are usu-
ally benign and easily sealed by prolonged infl ation or 
stenting [ 33 ,  34 ].   

   3.     Distal plaque embolization:  this complication occurs in 
2.3 % and it is most commonly seen in patients with 
saphenous graft lesions where target lesion is composed 
of atherothrombotic material. Rates of embolization 
remains high regardless of tools used up to 50 %, and it 
mandates the use of protection devices (proximal & dis-
tal). These fi lter devices are being compatible with laser 
as opposed to other atherectomy devices.   

   4.     In-hospital death reported from 0 to 2 %  [ 33 ,  35 ].    

  The above complications are minimized by increased 
operator experience, slow catheter advancement with easy 
pushability and use of saline fl ushing. 

 The major predictors of dissection and perforation based 
on PELCA registry were the following:

    1.    Female gender   
   2.    Catheter use of >1.4 mm diameter   
   3.    At vessel branch points   
   4.    Chronic total occlusion lesions   
   5.    Novice operator      

    Peripheral Complications 

 Use of excimer laser in peripheral vessel revascularization is 
more forgiving than its coronary counterpart in regards of treat-
ment strategies to treat the complications. There are few trials 
and case series and they vary in incidence with evolution of tech-
nique and experience. The following are reported complications 
in the literature from LACI trial and other case series [ 36 – 38 ]:

    1.    Vessel perforation: It varies between 2.2 and 3.1 % but 
most of the peripheral vessel perforations are managed 
promptly without need for surgical intervention.   

   2.    Acute re-occlusion 1 %   
   3.    Distal embolization 3.1–3.9 %   
   4.    Major dissection 34.6 %   
   5.    Pseudoaneurysms 2.4 %    

       Conclusion 

 A number of developments of ELCA therapy have 
evolved over the years to sidestep the diffi culties and 
complications of laser treatment. ELCA stands out in sub-
set of challenging lesions such as undilatable, uncrossable 
and calcifi ed vessel. The safety and effi cacy of ELCA use 
is dependent on experience of using this tool and under-
standing the laser system and its limitations. ELCA has 
the potential to gain broader use especially in below knee 
peripheral artery disease and uncrossable CTOs. The 
renaissance of ELCA will be dependent on the availabil-
ity of the laser system to the experienced interventionist 
or the novice interventionist with proctorship during the 
initial learning curve. The lack of data for the last decade, 
create a challenge, but with conducting and designing 
prospective randomized trials to address the role of ELCA 
as debulking tool in challenging lesions such as calcifi ed 
uncrossable CTOs will clarify if ELCA will be a reason-
able strategy option in these cases.     
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            Introduction 

 Excimer laser coronary atherectomy (ELCA) has been used 
for coronary intervention for more than 20 years for the treat-
ment of obstructed coronary arteries. This technology is 
designed to ablate the obstructive atherothrombotic plaque. 
The initial data have failed to show better angiographic, proce-
dural, or clinical outcome results when compared to balloon 
angioplasty or stenting. Advances in delivery systems for laser 
energy using the xenon-chlorine pulsed laser catheter deliver 
higher energy density with lower heat production and have led 
to better results in terms of effi cacy and safety with low com-
plication rate. The Spectranetics CVX-300® (Spectranetics 
Corporation, Colorado Springs, CO) excimer laser catheter 
system has been used for the treatment of several coronary 
indications. This chapter will focus on complex coronary 
lesions, including balloon-resistant lesions, chronic total 
occlusions, in-stent restenosis (ISR), and underexpanded 
stents in calcifi ed lesions. ELCA is used for thrombus contain-
ing lesions in acute myocardial infarction and degenerated 
saphenous vein graft lesions (not discussed in this chapter).  

    Initial Clinical Data ELCA vs. Balloon 
Angioplasty 

 Randomized trials one to two decades old failed to demonstrate 
the superiority of ELCA technique over balloon angioplasty in 
complex lesions. The Amsterdam-Rotterdam (AMRO) trial [ 1 ] 
compared ELCA to balloon angioplasty in 308 patients with 
stable angina and coronary lesions longer than 10 mm. The pri-
mary clinical endpoint was the composite of death, myocardial 
infarction (MI), coronary surgical revascularization, or repeat 
coronary angioplasty after 6 months following the index 

 procedure. ELCA followed by balloon angioplasty provides no 
benefi t additional to balloon angioplasty alone with respect to 
the initial and long-term clinical and angiographic outcome in 
the treatment of obstructive coronary artery disease. There 
were no signifi cant differences in angiographic success (79 % 
versus 80 %). However, there was a tenfold higher transient 
occlusion rate in the ELCA group (0.7 % versus 7 %) in peri-
procedural complications and a trend toward higher restenosis 
rate in the ELCA group (41.3 % versus 51.6 %) at 6 months, 
but there was no difference in angiographic net lumen gain 
(0.40 mm versus 0.48 mm). The Excimer Laser Rotational 
Atherectomy Balloon Angioplasty Comparison (ERBAC) trial 
[ 2 ] randomly assigned 685 patients with complex lesions to 
excimer laser angioplasty, conventional balloon angioplasty, or 
rotational atherectomy. The patients who underwent rotational 
atherectomy had a higher rate of procedural success (89 %) 
than did those who underwent ELCA (77 %) or conventional 
balloon angioplasty (80 %) (p = 0.0019). At 6 months’ follow-
up, revascularization of the original target lesion was performed 
more frequently in the rotational atherectomy group (42.4 %) 
and in the excimer laser group (46.0 %) than in the angioplasty 
group (31.9 %, p = 0.013). Meta-analysis of randomized trials 
of balloon angioplasty versus coronary atherectomy, laser 
angioplasty, or cutting balloon atherotomy evaluating the 
effects of plaque modifi cation during percutaneous coronary 
intervention found signifi cant increase in restenosis for ELCA 
with OR 1.55 [95 % CI 1.09–2.20] [ 3 ].  

    In-stent Restenosis 

 ELCA has been used as an alternative approach for the treat-
ment of ISR. The use of ELCA as adjunctive treatment for ISR 
has been previously evaluated in 440 patients. There was a 92 % 
procedural success rate and low complication rates: Q-wave MI 
in 0.5 %, non-Q-wave MI in 2.7 %, tamponade in 0.5 %, and 
dissection in 4.8 % [ 4 ]. Similarly, the Laser Angioplasty for 
Restenotic Stents (LARS) multicenter registry comparing 146 
patients with ISR treated with balloon only or ELCA demon-
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strated that ELCA is as safe and effective as balloon angioplasty 
alone [ 5 ]. Intravascular ultrasound-based data documented 
effective ablation of neointimal tissue adjunct balloon angio-
plasty extrudes neointimal tissue out of the stent and also further 
expands the stent [ 6 ]. However follow-up data showed high 
incidence of recurrent restenosis in this group of patients with 
up to 68 % ISR in 6 months, suggesting that this technique is 
unlikely to reduce recurrent in-stent restenosis and that other 
approaches are necessary [ 7 ]. In a meta-analysis of 3012 patients 
with in-stent restenosis, 474 patients receiving ELCA as the 
treatment presented the highest probability, 34.8 %, to develop 
major cardiac events (death, myocardial infarction, or revascu-
larization) at follow-up [ 8 ]. For the treatment of in-stent resteno-
sis, rotablation had higher acute ablation effi cacy as compared 
to ELCA with similar clinical outcomes at 1 year [ 9 ]. 

 Today with the use of drug eluting stents and the introduction 
of drug eluting balloon, the need of ELCA as a treatment for ISR 
is rarely needed and is mainly used for underexpanded stents.  

    Underexpanded Stent 

 Underexpanded stents are frequently diffi cult to fully expand 
once deployed. The application of ELCA is to expand an undi-
latable stent using contrast injection during laser angioplasty 
to amplify the energy and shock waves to successfully expand 
a stent refractory to balloon dilatation [ 10 ]. ELCA is used also 
for the management of underexpansion of a newly deployed 
coronary stent [ 11 ]. The ELLEMENT study reported 28 
patients with an underexpanded stent despite high-pressure 
balloon infl ation. Laser-assisted stent dilatation was success-
ful in 27 cases (96.4 %), with an improvement in minimal 
stent diameter 1.6 at baseline to 2.6 post-procedure and mini-
mal stent area by IVUS 3.5 mm 2  to 7.1 2 . The target lesion 
revascularization was 4.3 % at 6 months [ 12 ]. 

 Figure  7.1  demonstrates ELCA assist in late dilatation of 
an underexpanded stent, and Fig.  7.2  shows a newly deployed 
stent.

Unexpanded stents with recurrent restenosis

a b c

d e f

3 stents not
expanded

2 mm
laser

Quantum 28
atm

  Fig. 7.1    Underexpanded stent with recurrent in-stent restenosis. 
Coronary angiogram revealed focal ISR in the proximal circumfl ex 
artery of the multiple overlapped stents ( a ). Intravascular ultrasound 
showed under expanded stents in an area of severe underlying concen-
tric calcifi cation. Minimal luminal area was 1.3 mm 2  ( b ). Multiple 

attempts at dilatation with noncompliant balloons at pressures up to 
24 atm failed. The stenosis was then treated with a 2-mm excimer laser 
( c ), followed by high pressure Quantum balloon (Boston Scientifi c) 
infl ation (28 atm) ( d ) with good angiographic and ultrasound results 
( e ,  f ), thereby increasing the minimal luminal area to 3.68 mm 2        
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        Undilatable Lesion and Calcifi ed Lesion 

 In some lesions resistance is so high that an adequately sized 
balloon is not able to expand completely despite high pres-
sures of up to 20 atm or more. Ahmed et al [ 13 ] reported the 
use of ELCA to facilitate angioplasty for undilatable coro-
nary narrowing. In 100 calcifi ed and/or balloon-resistant 
lesions, using a 0.9-mm Excimer Laser catheter at standard 
or higher energy levels resulted in procedural success in 88 
lesions (93 %) and clinical success in 82 lesions (86 %). 
Increased laser parameters were used for 29 resistant lesions. 
Using higher energy parameters seems to be safe and effec-
tive for the management of calcifi ed and undilatable lesions 
[ 14 ]. Shen et al [ 15 ] reported a series of 33 cases in using 
ELCA, including 21 patients with failure of balloon to cross 
and 15 chronic total occlusion. They reported a success rate 
of 90 % and no complications directly related to laser  catheter 

treatment. Recently, Fernandez et al [ 16 ] reported 58 cases 
of balloon failure treated ELCA 0.9 mm catheter with saline 
fl ush. Procedure success was achieved in 91 %, with ELCA 
successful alone in 76.1 %, after rotational atherectomy fail-
ure in 6.8 %, and in combination with rotational atherectomy 
for 8.6 %. There were four procedure-related complications, 
including transient no-refl ow, side branch occlusion, and two 
coronary perforations, of which one was directly attributable 
to ELCA. 

 The most commonly used device for heavily calcifi ed 
coronary lesions is rotational atherectomy. There are occa-
sions that the dedicated RotaWire (Boston Scientifi c, Natick, 
MA, USA) cannot be delivered beyond the lesion, either 
independently or using a microcatheter exchange system. 
The advantage of the ELCA after successful wire passage 
across a chronic total coronary occlusion or calcifi ed lesion, 
when balloon catheter or the exchange catheter cannot cross, 

Unexpanded stents with recurrent restenosis

b

c

a

  Fig. 7.2    New deployed underexpanded stent. Fluoroscopy revealed 
unexpanded stent in distal RCA after multiple attempts at dilatation 
with noncompliant balloon ( a ). Intravascular ultrasound showed 
underexpanded stents in an area of severe underlying concentric 

 calcifi cation. Minimal luminal diameter 1.7 mm 2 , after 1.4 mm laser 
with contrast injection followed by high pressure balloon infl ation 
(24 atm) diameter increases to 3.7 mm ( b ). Angiographic and fl uro 
after laser and balloon ( c )       
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is the ability to be advanced along standard guidewire 0.014″ 
in contrast to rotational atherectomy. The laser can create a 
channel through the CTO, which allows a balloon catheter to 
pass afterward to facilitate fi nal vessel reconstruction by 
stent implantation (Fig.  7.3 ). In some cases, the channel cre-
ated by the ELCA can then be used to pass a RotaWire to 
permit rotational atherectomy. The combination of ELCA 
and rotational atherectomy has been reported and termed 

RASER angioplasty for heavily lesion unresponsive to either 
modality alone [ 17 ,  18 ].

   Our center reports the safety and effi cacy of ELCA in 124 
complex coronary lesions. The overall ELCA success rate 
was 88.7 %, while angiographic success was 91 %. Despite 
such lesion complexity, the complication rate was low (8 %). 
The most common complication was the presence of dissec-
tion [ 19 ]. ELCA has a high success rate and low  complication 

Balloon resistant lesion

a b

c d

Failed
rotational

atherectomy

  Fig. 7.3    ELCA for balloon-resistant lesion. Severely calcifi ed 95 % 
stenotic lesion was found in the proximal right coronary artery (RCA) 
( a ). A 0.014" BMW guidewire (Guidant Corp., Santa Clara, CA) 
crossed the lesion, but 2.5/20-mm and a 1.5/15-mm Sprinter balloons 
(Medtronic, Minneapolis, MN) did not. The BMW guidewire was 
exchanged over a microguide catheter (FineCross MG, Terumo, Ann 
Arbor, MI) for a Rota Extra Support guidewire (Boston Scientifi c, 
Natick, MA). Rotational atherectomy with Rotablator catheters (Boston 
Scientifi c, Natick, MA) was attempted. A 1.5-mm burr did not cross the 
lesion, and a 1.25-mm burr decelerated without crossing ( b ). The lesion 

was successfully crossed with the Spectranetics 0.9-mm excimer laser 
catheter. Laser energy was initiated with a repetition rate of 40 Hz and 
fl uence of 60 mJ/mm 2  and was then increased to a repetition rate 80 Hz 
and a fl uence of 80 mJ/mm 2 . Subsequent to passage of the laser cathe-
ter, rotational atherectomy with 1.5-mm burr was successful. The Rota 
Extra Support guidewire was exchanged for a BMW guidewire, and a 
2.5/20-mm Spinter balloon was infl ated at 12 atm ( c ). A Micro-Driver 
2.5/14-mm bare metal stent (BMS) (Medtronic, Minneapolis, MN) was 
deployed at high pressure (16 atm) ( d )       
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rate for treatment of calcifi ed or undilatable lesions, but the 
follow-up rate of repeat revascularization is high with one 
study up to 46 % in 12 months [ 20 ], and another study reports 
major adverse cardiac events up to 33.3 %, with 22.2 % 
repeat revascularization in 6 months [ 21 ].  

    Chronic Total Coronary Occlusions 

 The use of ELCA for chronic coronary occlusion was com-
pared in 303 patients randomized to treatment with either a 
laser guidewire (n = 144) or a conventional guidewire 
(n = 159). Treatment success using the laser guidewire versus 
the mechanical guidewire was not signifi cantly different 
(52.8 % versus 47.2 %, p = 0.33). No serious adverse events 

followed the initial laser guidewire attempt; adverse events 
were found in only 0.6 % following the use of the mechani-
cal guidewire. Further, there was no difference in either the 
rate of binary restenosis at 6 months on angiographic follow-
 up or in event-free survival at 12 months [ 22 ]. This device is 
no longer available and has been replaced by dedicated 
mechanical crossing wires and techniques. Appelam et al 
[ 23 ] reported the use of ELCA-assisted balloon angioplasty 
for chronic total occlusion and found no benefi t over balloon 
angioplasty with respect to initial and long-term clinical and 
angiographic outcome. The laser catheter can be useful in 
selected patients, including those with CTO where a balloon 
would not pass despite a guidewire in the distal true lumen 
[ 15 ]. Today the ELCA is used in CTO mainly to facilitate 
balloon advancement or stent deployment after crossing with 
guidewire (Fig.  7.4 ).

Chronic total occlusion

0.9 mm
laser

Anchoring
balloon

a
b

c

  Fig. 7.4    ELCA for chronic total occlusion. Total occlusion in the prox-
imal third of the RCA ( a ). The occlusion could not be crossed with a 
MiracleBros 6 guidewire (Abbott Vascular, Abbott Park, IL); however, 
successful crossing was attained with a 2.1 F Tornus catheter (Abbott 
Vascular) and a Confi anza guidewire (Abbott Vascular). An Apex 1.5- 
mm balloon (Boston Scientifi c, Natick, MA) could not be passed. 
Initially, the Spectranetics excimer laser (0.9 mm) also failed but did 

cross with the use of a proximal anchoring balloon. Laser treatment 
with a repetition rate of 80 Hz and a fl uence of 80 mJ/mm 2  allowed pas-
sage ( b ) of an Apex 1.5/15-mm balloon followed by a 2.5/30-mm 
Maverick balloon (Boston Scientifi c). Both were infl ated at high pres-
sure, and a long Cypher (2.5/30-mm) drug-eluting stent (DES) (Cordis 
Corporation, Miami Lakes, FL) was deployed at high pressure with 
excellent angiographic results ( c )       

 

7 Laser Atheroablation in Challenging Coronary Lesions



102

   ELCA, when used for specifi c “niche” lesions, may be 
effective even though randomized trials of “unselected” lesions 
did not show any benefi t. The variety of lesions that may be 
treated by using a 0.9-mm catheter requires careful case selec-
tion; appropriate utilization of equipment; and the application 
of safe lasing techniques for complex coronary interventions, 
such as calcifi ed or nondilatable lesions. The undilatable coro-
nary lesion (following successful wire passage) is a very good 
indication to use ELCA and, in terms of effi cacy, competes 
with rotational atherectomy with the advantage of the ability to 
be advanced along standard guidewire. Other indications are 
failure to cross with balloons, which is a well-recognized cause 
of failure to recanalize a chronic total occlusion, and in cases of 
unexpanded stents with recurrent restenosis.     
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      Optical Coherence Tomography 
for Assessment of Percutaneous 
Coronary Intervention with Excimer 
Laser Coronary Atherectomy       

     John     Rawlins      ,     Suneel     Talwar      , and     Peter     O’Kane     

           Introduction 

 Excimer laser coronary atherectomy (ELCA) has been 
applied in the treatment of arterial atheroma for nearly 30 
years. The concept of utilising laser to remove atheroscle-
rotic material in coronary arteries developed as an alternative 
to simple modifi cation of an obstructed lumen as was the 
case with plain old balloon angioplasty (POBA). However, 
despite enthusiasm amongst interventional cardiologists and 
registry data in over 3000 patients early results when com-
pared with conventional percutaneous coronary intervention 
(PCI) techniques were disappointing resulting in limited 
uptake of the technology [ 1 ,  2 ]. However, advances in laser 
catheters and PCI technique has led to a resurgence of inter-
est, refl ected in recent literature [ 3 – 5 ]. Contemporary chal-
lenges in PCI include an ability to deal with calcifi ed lesions, 
chronic total occlusions (CTO), thrombotic lesions and 
repeat intervention in vessels already containing devices (in 
stent re-stenosis and under expanded stents). All of these 
provide an indication for ELCA. 

 In parallel with advances in laser catheter technology, 
intra-vascular imaging has become an integral part of mod-
ern interventional practice. Optical coherence tomography 
(OCT) is a recently developed intra-vascular imaging modal-
ity. It uses near-infrared light to provide high resolution (12–
15 μm) images of the coronary vessel lumen and wall. It can 
clearly identify and differentiate intravascular thrombus, and 

provides detailed information on the effects of intervention 
on the coronary intima and media [ 6 ]. When compared to 
IVUS (Table  8.1 ), the high resolution images that are pro-
duced allow a more comprehensive assessment of vessel 
intima, stent architecture and the composition of arterial 
atherosclerosis.

   The aim of this chapter is to describe the coronary OCT 
appearance after ELCA, using case examples, to aid PCI 
decision making. Firstly, the process of OCT image acqui-
sition is described, followed by a brief summary of com-
mon fi ndings. This is followed by a series of cases that 
cover the current indications for ELCA, each accompanied 
by a detailed analysis of the OCT images acquired during 
the case.  

    “Let There Be Light” – Common Properties 
of Laser and OCT 

 Individual lasers emit light with a characteristic wavelength, 
which is determined by the lasing medium used to create the 
energy (Fig.  8.1 ). For coronary laser atherectomy the xeon 
chloride excimer lasing properties result from a high voltage 
electrical discharge placed across a mixture of inert gas 
(xeon) and a dilute halogen compound (hydrogen chloride). 
The light subsequently emitted has a wavelength of 308 nm. 
Light at this end of the spectrum has a shallow penetration 
depth of only 50 μm because it is absorbed by non-aqueous 
cellular macromolecules such as proteins and nucleic acids 
[ 1 ]. In contrast to laser emitted from Nd-YAG source, 
excimer laser energy is therefore less likely to produce char-
ring or deep vessel injury and in turn permits safe tissue abla-
tion in the absence of coronary artery dissection or 
perforation. Thermal injury is further reduced in the contem-
porary excimer system owing to the pulsed nature of emis-
sion rather than more traditional continuous wave output. 
The current excimer laser fi res high-energy pulses that last 
only a fraction of a second restricting the thermal effect only 
to the irradiated tissue.
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   Optical coherence tomography (OCT) is an imaging 
modality that uses in the infra-red spectrum (central wave 
length between 1250 and 1350 nm) to generate detailed 
images of the tissue structure being studied (Fig.  8.1 ). This 
particular spectral range provides the ideal window for imag-
ing of biological tissues since the absorption of light by 
water, protein, lipids and haemoglobin is low for these wave-
lengths. OCT can be considered analogous to ultra-sound but 
uses light instead of sound. The imaging resolution in the 
axial direction is dependent on both wavelength and band-
width, which are related to the speed of light (3 × 10 8  ms −1 ) 
and are much higher for OCT compared to intravascular 
ultrasound (IVUS). The result is an axial resolution that is an 
order of magnitude greater for OCT (10–20 μm.) compared 
to IVUS (100–200 μm). However, the properties of vascular 
tissues limit the depth of light penetration to between 1 and 
3 mm, when compared to 4–8 mm with IVUS [ 6 ] (Table  8.1 ). 

 The fundamental principles that underpin current OCT 
technology evolved from optical 1-dimensional low- 
coherence refl ectometery. In the early 1990s, 2-dimensional 
imaging was enabled with the addition of transverse  scanning 
(termed B-scan) [ 7 ]. This technique was named OCT by 

James Fujimoto, one of the early pioneers in the fi eld. It was 
fi rst used to image the retina [ 6 ], and its use has been rapidly 
expanded to numerous biomedical and clinical applications. 
Although originally developed for use in transparent tissues, 
by applying light sources with longer wavelengths with 
larger penetration depths in non-transparent media, OCT 
could eventually be used to image opaque tissue. 

 Intravascular OCT uses a single optical fi bre that both 
emits light and records its refl ection, whilst rotating and being 
retracted back through the artery. An image is generated 
by measuring the time it takes for the emitted light to travel 
between the target tissue and back to the lens (echo time delay), 
and the intensity of light that is refl ected/backscattered from 
the tissue structures being examined. Multiple scan lines are 
constantly acquired as the catheter rotates, and a complete rev-
olution allows acquisition of a full cross sectional view of the 
arterial lumen. The speed of light (3 × 10 8  m/s) is many magni-
tudes greater than the speed of sound (1500 m/s), and hence it is 
not possible to measure the echo delay directly. Measurement 
is achieved with the use of interferometric techniques, and then 
resulting signals processed to produce an image. An interfer-
ometer (or 50/50 coupler) is used to split the image beam, one 
half being directed at tissue and the other half at a reference 
mirror. After refl ection of both waves, the reference wave is 
then re- combined with the tissue sample wave. Constructive 
interference results when the path length of the light to the ref-
erence mirror and back equals that of the light refl ected from 
the tissue sample. The precise mirror position gives a measure 
of depth and refl ectivity within the tissue sample where refl ec-
tion took place. These are combined and computed to produce 
a high resolution visual representation of the coronary artery 
intimal and medial walls. The maximum depth of penetra-
tion remains between 0.5 and 3 mm [ 8 ], with a maximal scan 
diameter (with modern Fourier Domain or Frequency Domain 
(FD)-OCT systems) of up to 11 mm [ 9 ,  10 ]. 

 There are two main modalities of OCT available, Time 
domain (or TD-OCT) and FD-OCT. TD-OCT was the fi rst 
commercially available system, and used broadband light 
and a reference mirror that moved in pre-determined, cali-
brated distances to produce known echo delays [ 11 ]. The 
refl ected reference wave and tissue wave could then be com-
bined, and then analysed within a photo detector, amplifi ed 
and an image created from the resulting signal (Fig.  8.2 ). 
This technology has largely been replaced with FD-OCT 
systems. Here, the reference mirror is fi xed, and the light 
source used is of variable frequency, but of near monochro-
matic wavelength – allowing a much higher frame rate and 
speed of data acquisition. This allows the simultaneous 
detection of refl ections from all echo time delays, shortening 
the time taken to produce OCT images. This technology has 
replaced TD-OCT in modern interventional practice due to 
its ease of use, with signifi cant improvements in pullback 
speed and image quality [ 10 ]. All the images used in this 
chapter were produced using FD-OCT systems.

     Table 8.1    Summary of basic fundemental differences between Optical 
Coherence tomography (OCT) and intravacular ultra-sound (IVUS)   

 OCT  IVUS 

 Axial resolution  12–15 μm  100–200 μm 

 Penetration depth  1.5–2 mm  4–8 mm 

 Probe size  OCT = 
0.92 mm(2.7 F) 

 IVUS = 1.1 mm 
(3.5 F) 

 Pullback speed  up to 40 mm/s  Up to 40 mm/s 

 Blood free imaging fi eld  Yes  No 

 Tissue characterisation  Yes  Yes 

 Fibrous cap measurement  Yes  No 

 Vessel Remodelling  No  Yes 

 Stent endothelisation  Yes  No 

 Thrombus differentiation  Yes  No 

  Fig. 8.1    A fi gurative representation of the spectrum of light demon-
strating the wavelength of light used in Excimer laser systems (308 mn 
for the CVX-300 used in coronary intervention) relative to that used in 
OCT (1300 nm – within the infra-red spectrum), and other forms of 
industrial Laser (Ho;YAG and CO2)       
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   Commercially, FD-OCT systems are available from St Jude, 
the C7-XR/LUMIEN TM  system (Dragonfl y TM  FD-OCT cathe-
ter) and Terumo LUNAWAVE R  (Fastview TM  OFDI catheter & 
Lunawire TM  OFDI system, with a further similar system in 
development from Volcano, but this is not yet available.  

    Image Acquisition 

 All commercially available OCT systems are essentially a 
single optical fi bre, with a lens at the distal end. The system 
is advanced into the coronary artery, either directly (TD-OCT) 
or using a mono-rail casing (FD-OCT) [ 11 ]. The main  barrier 
to the use of intravascular OCT in clinical practice is that 
images must be produced in a lumen free from blood. 
Inadequate blood clearance during image acquisition can 
dramatically degrade image quality. After clearing the blood 
from the arterial lumen, an acquisition run can be  commenced, 

using an automated pullback system retracting the system 
back towards the artery ostium. The use of an automated 
pullback is advised to enable accurate measures of length 
and to minimise movement artefact [ 12 ]. 

 The fi rst commercially available TD-OCT systems utilised 
an occlusive technique to establish a blood free lumen. A prox-
imal over-the-wire occlusion balloon was fi rst advanced over 
the OCT-wire, and an infusion of a crystalloid solution was 
administered through an end-hole in the balloon catheter to 
fl ush the lumen free of blood. Infl ation and infusion times 
where dictated by the severity of patient symptoms and/or 
ECG changes, with the infusion times set to a maximum of 
35 s to avoid haemodynamic instability [ 12 ,  13 ]. A power 
injector was usually required to inject fl uid at a constant rate. 

 The occlusive technique is associated with a number of 
signifi cant disadvantages, in addition to the induction of 
ischaemia (albeit transient). If the balloon is non-occlusive, 
then it may not be possible to achieve a blood free imaging 

  Fig. 8.2    A schematic representation of an OCT image aquisition sys-
tem. Infra-red light is generated by the laser source and directed into the 
50/50 Coupler (or inferometer). Here the beam is divided into a tissue 
arm, directed via an imaging catheter into the coronary artery, and a 
reference arm. Using a TD-OCT system ( upper panel ), the beam is 
mechanically scanned by a constantly moving mirror to produce a time 

delay. In contrast, FD-OCT ( lower panel ) uses a fi xed reference mirror, 
and uses a post amplifi cation frequency sweep to analyse the returned 
beam detecting interference between the reference and tissue samples. 
This oscillates according to the frequency difference (indicating the 
depth of the refl ected signal), and this is transformed (using a fourier 
calculation) to produce a measurable echo-delay       
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fi eld despite saline fl ush. This may be exacerbated by retro-
grade fl ow from well-developed collaterals. It is also not pos-
sible to image ostial or very proximal lesions due to the 
length of the balloon. Due to the speed of the pullback – it 
was also diffi cult to image lesions in which the length exceed 
30 mm [ 8 ]. 

 With the development of FD-OCT, the majority of these 
limitations have been overcome. FD-OCT allows rapid 
imaging of the coronary artery lumen using a non-occlusive 
acquisition technique. The fi rst FD-OCT catheter to become 
commercially available was the Dragonfl y TM , produced by St 
Jude Medical. The Dragonfl y TM  catheter comprises a single- 
mode OCT fi bre encased in a metallic hollow torque wire 
that rotates at 100 rpm. It is advanced over a standard 0.014″ 
guide wire, with a short monorail tip. A blood free fi eld is 
still required, and created with an injection of a single bolus 
of crystalloid solution (usually angiographic iodinated con-
trast or a dextran solution) timed with the acquisition run. 
This can be done by hand, but the use of an automated con-
trast injection system is usually recommended to optimise 
the image quality. The imaging depth is approximately 
1.5 mm with an axial resolution of 10–20 μm and lateral 
resolution of 25–30 μm. Images are acquired at a speed of 
100 frames per second and the acquisition speed can be 
altered up to 25 mm/s to facilitate assessment of lesions over 
54 mm in length. 

 A similar system is now available from Terumo (termed 
OFDi, the Lunawave TM  system). The imaging depth, axial 
and lateral resolution are similar to the St Jude system but 
images are acquired at a frame rate of 158 frames per second 
with a maximum pullback speed of 40 mm/s permitting 
assessment of up to 150 mm in a single pullback. In addition, 
the Fastview TM  OFDI catheter is “closed”, so there is no 
requirement to fl ush before imaging runs which is in contrast 
to the Dragonfl y TM  FD-OCT catheter. A third FD-OCT cath-
eter technology remains in development by Volcano. 

 FD-OCT technology such as that described above has 
been shown to be safe [ 10 ,  11 ,  14 ] and reproducible [ 15 ] for 
the assessment of coronary artery luminal diameter, area and 
length. However image quality is dependant upon attaining 
co-axial guide catheter engagement to maximise contrast 
fl ow and a blood free arterial lumen.  

    Image Assessment (Table  8.1 ) 

 The following section will address the common appearances 
and defi ne structures that are encountered during an OCT 
assessment within the coronary artery, focusing on pathol-
ogy that is likely to be encountered when undertaking 
Excimer Coronary Laser Atherectomy. 

 The axial resolution of OCT gives the operator an oppor-
tunity to undertake a highly detailed assessment of the lesion 

that has been treated with Laser atherectomy. Correct inter-
pretation of the OCT fi ndings can alter the interventional 
strategy employed, and has the potential to affect patient out-
comes. However, this is not intended to be an exhaustive 
description of all the fi ndings that may be seen during an 
OCT assessment of a coronary artery, as this is beyond the 
scope of this article. 

 Particular features that may be recognised include vascu-
lar calcifi cation, thrombus, the presence and integrity of stent 
architecture and the composition of the atherosclerotic 
plaque around the area of laser atherectomy.  

    Atherosclerotic Findings at OCT (Table  8.2 ) 

    Calcifi cation within the coronary media may be identifi ed by 
sharply delineated, homogeneous zones, with a low degree 
of back-scatter (Fig.  8.3 ). The thickness of most superfi cial 
calcium can be determined, as well as its relationship to the 
overlying intima and other media structures. In a similar 
fashion to that seen on IVUS, the arc of calcifi cation can also 
be examined, and graded by the number of involved quad-
rants (from 1 to 4). The penetration depth of OCT, and rela-
tive properties of calcifi c plaque also allow a limited 
assessment of the depth and extent of medial calcifi cation 
that may be obscured during IVUS. The limitation remains 
the depth of light penetration into the media that at present is 
constrained to between 1.5 and 3 mm [ 12 ].

   Fibrous tissue is seen as homogeneous tissue that has a 
high refl ectivity and low signal attenuation (Fig.  8.3 ). In 
 contrast, lipid pools are less well demarcated, with a diffuse 
edge appearance and more heterogenous back-scattering 

   Table 8.2    Summary of the key atherosclerotic tissue characteristics 
identifi ed with intra-coronary imaging highlighting the differences in 
tissue appearance observed between OCT and IVUS   

 Tissue type  Image characteristics 

 OCT  IVUS 

 Fibrotic 
plaque 

 Homogeneous 
 High refl ectivity/signal 
 Low attenuation 
 Poorly delineated margins 

 Homogeneous 
 High refl ectivity/
signal 

 Calcifi c 
plaque 

 Inhomogeneous signal 
 Well delineated margins 
 Low refl ectivity 
 Low attenuation 

 Very high 
refl ectivity 
 Acoustic shadow 

 Lipid 
plaque 

 Moderately delineated margins 
 High refl ectivity 
 High attenuation 
 High penetration 

 Low backscatter 
 High penetration 

 Red 
thrombus 

 Medium refl ectivity 
 High attenuation 

 Medium-high 
refl ectivity 

 White 
thrombus 

 Medium refl ectivity 
 Low attenuation 
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than predominately fi brous atheromatous lesions (Fig.  8.4 ). 
There is a strong contrast between fi brous and lipid fi lled 
lesions on OCT with lipid fi lled plaques appearing as diffuse 
low-density homogenous regions with overlying signal-rich 
bands that histologically correspond to fi brous caps. The 
axial resolution of OCT allows the operator to make precise 
assessment of fi brous cap thickness. Pathological studies 
indicate that a fi brous cap thickness of less than 65 μm is the 
threshold that identifi es a vulnerable lesion [ 16 ] – increasing 
the likely-hood of plaque rupture and a subsequent acute 
coronary syndrome [ 17 – 19 ]. OCT remains the only imaging 
modality with the resolution to reliably and reproducibly 
assess for thin-capped fi bro-atheroma with an acceptable 
degree of sensitivity and specifi city [ 17 – 19 ] (Fig.  8.4 ).

   In the setting of ELCA, thin capped fi bro-atheroma 
(TFCA) is most likely to be identifi ed in acute coronary 
syndromes – often associated with signifi cant intra-coro-
nary thrombus. OCT is able to identify and assess the pres-
ence of thrombus within the coronary artery with a higher 
degree of sensitivity and specifi city than with IVUS alone 

[ 20 ]. Thrombus is identifi able as a mass that protrudes into 
the vessel lumen that appears not to be in continuity with 
the vessel wall. OCT is able to differentiate clearly between 
red and white thrombus (Fig.  8.5 ). Red thrombus, com-
posed largely of red blood cells, has a characteristic high 
degree of signal attenuation, with a resulting large amount 
of signal dropout that is seen as a shadow behind the pro-
tuberance. In contrast, white thrombus, composed largely 
of platelets and white blood cells, is seen as identifi able as 
signal rich projections that extend into the vessel lumen 
that lack the backscattering seen in red thrombus [ 21 ] 
(Fig.  8.5 ).

   OCT is highly sensitive at the detection of arterial dissec-
tion, both spontaneous and iatrogenic. Dissection is seen as a 
linear rim of tissue that extends into the lumen, with clear 
separation from the vessel wall (Fig.  8.6 ). These may be 
associated with underlying atheromatous plaque and ulcer-
ation – with or without overlying thrombus. In particular, the 
use of OCT during coronary intervention (e.g. after balloon 
angioplasty and at stent edges) will identify vessel dissection 

a b

  Fig. 8.3    Medial Calcifi cation – seen as a well delineated low signal homogenous zone within the media ( a ), highlighted in panel ( b ). Note the 
extensive intimal thickening overlying the calcifi ed region (indicated by  F ), consistent with fi brotic atherosclerosis       
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that may not be apparent angiographically. These can be 
described by their length (mm), depth, width and circumfer-
ential extension (expressed in degrees or quadrants).

       Stent Architecture 

 Optical coherence tomography has become established as 
the gold standard for assessing the luminal stent architecture 
and deployment in vivo. In particular, the high axial resolu-
tion of OCT allows a clear and accurate assessment of stent 
endothelisation and healing [ 6 ]. In addition, with the increas-
ing use of bio-absorbable scaffolds (BVS), the use of high 
defi nition intravascular imaging technology has become an 
important part of artery sizing and assessment of scaffold 
deployment. 

 A metallic stent can be identifi ed on OCT as a highly 
refl ective spot associated with a clear defi ned drop-out 
shadow behind the stent strut. A metallic stent is a highly 

refl ective structure, and as such, only the refl ection of the 
luminal service is visible and OCT is unable to provide a 
direct measurement of strut thickness (Fig.  8.7 ). Stent overlap 
can be identifi ed in an axial section by the presence of two 
concentric layers of stent struts. Incomplete Stent Apposition 
(ISA) can be identifi ed if there is a separation of the stent strut 
from the vessel wall. As the full stent thickness is not visible 
on OCT, at a strut level, ISA is defi ned as a measured distance 
from the vessel intimal surface that is greater than the strut 
thickness (alone for bare metal stents), or strut plus polymer 
(or similar) for drug eluting stents (Fig.  8.7 ).

   ISA maybe acute – i.e. at the time of stent deployment, or 
late – observed at follow-up and as a consequence of positive 
arterial remodelling. OCT studies after stent deployment 
consistently demonstrate a higher proportion of malaposed 
struts – even after extensive post dilatation – when compared 
to IVUS [ 22 ]. This is particularly evident over areas of stent 
overlap, and when treating a long segment of stent (particu-
larly in calcifi c disease). It was considered that a strut was 

a

b

  Fig. 8.4    Thin capped non obstructive lipid plaque (Panel  a ) – the lipid 
pool is seen as a low density homogenous region with poorly defi ned 
margins, within the thickened fi brotic intimal layer (highlighted in 

panel  b ). The overlying fi brous cap extremely thin, as is shown in panel 
 b , but is intact and not associated with any visible thrombus nor 
ulceration       
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a b

  Fig. 8.5    Panel  a  illustrates the appearance of white thrombus, indicated 
by the  white arrows , as a signal rich projection into the lumen, with a rela-
tively low degree of backscatter and the intimal surface visible under-
neath. In contrast, Panel  b  demonstrates a large volume of red thrombus 
(indicated by the  red arrows ), as a highly refl ective mass projecting into 

the lumen, with a large amount of backscatter – obscuring the underlying 
arterial surface. In reality, most arterial thrombus is a mixture of red and 
 white thrombus , and these are rarely identifi ed in isolation. Incidentally, 
note the artifactual appearance within the lumen that results from inade-
quate clearing of the blood pool during image acquisition       

a b

  Fig. 8.6    An angiogram (Panel  a ) and OCT frame (Panel  b ) taken from 
an assessment of a degenerative vein graft prior to any intervention. 
A fl ap is evident angiographically (highlighted with circle – Panel  a ), 
confi rmed on OCT as a dissection fl ap (Panel  b ,  arrow  A), as a linear 

portion of tissue that is clearly separated from the vessel wall, that 
extends into the lumen. The intimal disruption can be seen ( arrow   B ), 
with a frond of redundant intima evident. In this example, the dissection 
is not associated with signifi cant overlying thrombus       
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malapposed if >200 υm from the vessel wall when taking 
into account the strut thickness of the individual stent. 
However, more recent data suggests that ISA of <280 υm 
(for siroliumus eluting stents) and <260 υm (for Pacitaxal 
eluting stents) is likely to be clinically benign [ 23 ]. 

 In contrast to metallic stents, bio-resorbable scaffolds 
(BVS) have a signifi cantly lower degree of light refl ectivity. 
Therefore, the entire strut is visible, and thickness can be 
assessed accurately (Fig.  8.8 ). OCT has become the modality 
of choice for assessment of BVS post deployment, including 
the pattern of degradation and neo-intimal coverage (Fig.  8.8 ). 
As the BVS is absorbed, the degradation process results in 
spaces replacing scaffold struts, but with the second genera-
tion of devices – mechanical integrity is maintained [ 24 ], as 
the device fragments. The treated artery appears to positively 
remodel, without loss of luminal diameter.

   The use of OCT in the evaluation of in-stent restenosis 
has redefi ned the way that ISR is evaluated and treated. 
There is a wide heterogeneous clinical presentation of 
patients with ISR, ranging from dramatic acute infarction 
(e.g. STEMI), to progressive silent occlusion and gradual 
formation of a chronic total occlusion (CTO). In particular, 
ISR of drug eluting stents often have highly variable imaging 
characteristics – both at angiography and with the use of 

intra-vascular imaging. The presence of concentric fi brosis, 
neo-vascularisation and calcifi cation within the ISR can 
defi ne the clinical presentation [ 25 ] and guide the interven-
tionist towards an appropriate treatment strategy. 

 Within bare metal stents, early in-stent restenosis with a 
concentric dense fi brotic layer within the margins of the stent 
struts can be clearly identifi ed with OCT. Over time, this layer 
can become thicker, and accumulate signifi cant quantities of 
lipid plaque within the re-stenotic segment [ 26 ]. Thin- capped 
fi bro-atheroma may also develop – observed in 16 % of BMS 
late re-stenotic lesions in one series [ 27 ]. Within drug eluting 
stents, the pattern of restenosis differs to that observed in 
BMS. In early DES re-stenosis, a mixed heterogenous fi brin-
ous layer is often observed, with low signal images in the deep 
tissue layer that are considered to represent fi brin surrounded 
proteoglycan extra-cellular matrix. Neo-atheroma may be 
seen more frequently, and progress more rapidly in DES when 
compared to BMS [ 28 ]. As yet, the differences in the in-stent 
atheroma observed do not alter the interventional strategy 
employed, but may determine the initial clinical presentation 
(e.g. stable angina vs. an acute coronary syndrome). 

 Having considered the common OCT appearances prior 
to ELCA, the following section will detail the appearance of 
the coronary artery following deliver of Laser energy.  

a b

  Fig. 8.7    A single OCT cross sectional image demonstrating a well 
deployed stent (Panel  a ). The stent struts (indicated by the  white arrows ) 
are highly refl ective structures with a large amount of backscatter. All 
struts in this case are well apposed to the intimal surface. This stent was 

inserted during the case, so there is no neo-intimal coverage at this 
stage. This would be seen as a homogeneous layer covering the bright, 
refl ective stent strut. Of note in this image is the large lipid pool in the 
media – highlighted in image ( b ) – with a thick overlying fi brous cap       
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    Indication 1: In-Stent Re-stenosis (ISR) 

 Despite signifi cant advances in drug eluting stents (DES), 
target lesion revascularisation (TLR) remains a limitation 
of PCI, with angiographic ISR of up to 10 % in patients 
with DES [ 29 ]. 

 ELCA is a safe and effective technique in the treatment of 
ISR [ 30 ]. Examination of 107 re-stenotic lesions in 98 
patients, with both IVUS and quantitative angiography 
(QCA), demonstrated that lesions treated with ELCA, com-
pared to balloon angioplasty (POBA) alone, had a greater 
cross sectional area and luminal gain, with more intimal 
hyperplasia ablation. There was a trend towards a less fre-
quent need for target vessel revascularisation (TVR) at 6 
months, but this did not reach statistical signifi cance (TVR 
21 % vs. 38 % p = 0.083) [ 30 ]. 

  Case 1 (Fig.  8.9 ) 
    A 57-year-old with previous multi-vessel PCI (using a 
3.0 × 24mm sirolimus eluting stent) 3 years previously under-
went angiography, via the right radial artery (RRA) identify-
ing a severe fi brotic re-stenotic lesion in the proximal LAD 
(Fig.  8.9 ai) . Due to the dense fi brotic restenosis, laser ather-
ectomy was undertaken, to maximise luminal gain, in this 

large vessel that is likely to supply a large area of myocardial 
territory and therefore of prognostic signifi cance. 

 A 1.4 mm concentric ELCA catheter was used, delivered 
through a standard 6 french guide, using an energy of 60 mJ/
mm 2  at a pulse repetition rate (PRF) of 40 Hz, delivered 
approximately 8000 pulses over 20 runs. The OCT appear-
ance post ELCA (Fig.  8.9b ) demonstrates a reduction in neo- 
intimal material, and creating a cleft/dissection plane having, 
extending to the media (Fig.  8.9b  (zoom)). Stent expansion 
was achieved with sequential non-compliant (NC) and 
Paclitaxel eluting balloon infl ations (Pantera Lux, Biotronik, 
Berlin, Germany) (Fig.  8.9ci ). 

 ELCA proved effective in debulking the lesion, an effect 
that is not a consequence of thermal injury [ 31 ], as in-vivo 
models have demonstrated acceptable temperature changes 
within stented porcine arteries. Neither does ELCA distort 
stainless steel stent architecture, when 1000 pulses of energy 
are applied [ 32 ]. The process of Laser tissue ablation dis-
rupted the neo-intima, creating tissue planes to facilitate bal-
loon expansion, and provide maximal luminal gain and full 
stent apposition. Subsequent delivery of Paclitaxel to arrest 
the early healing phase and minimise late loss is likely to be 
more effective when the stent is maximally expanded within 
minimal neo-intimal tissue.   

a b

  Fig. 8.8    An OCT cross section demonstrating a bio-resorbable 
 scaffold (BVS) immediately post deployment (Panel  A ). In contrast 
to the stent seen in Fig. 8.6, the whole scaffold strut is clearly visible 
(Panel  B  – indicated with  white arrows ) and sharply demarcated. 
The scaffold is well opposed to the initmal surface, and in time the 
struts will be  covered by neo-intima and be absorbed into the vascular 

wall. First generation BVS will leave an empty space as the strut is dis-
solved – but the second generation device appears to maintain its 
mechanical properties during the process of stent fragmentation, with-
out loss of functional luminal diameter as the artery positively 
remodels       
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    Indication 2: Coronary Calcifi cation 
and Uncrossable Lesions 

 With an ageing population, the frequency with which com-
plex, calcifi c coronary disease is encountered during PCI is 
increasing. The presence of a CTO or calcifi c/non-compliant 
stenoses can make intervention challenging, often requiring 
adjuvant techniques. When the lesion can be crossed with a 
guide-wire but not with a low-profi le balloon, ELCA is well 
established as an effective and simple technique, that works 
on the standard 0.014″ guide-wire to provide an effi cient and 
safe solution. Similarly, when the lesion fails to expand ade-
quately to balloon dilation, ELCA is usually effective, 
 particularly when there is a focal fi bro-calcifi c lesion pre-
venting balloon expansion. 

 However, within heavily calcifi ed arteries, rotational atherec-
tomy remains the most effective plaque modifi cation therapy. 
This technique still requires delivery of a specifi c 0.009″ stain-
less steel guide wire (Rotawire Tm,  Boston Scientifi c, Boston, 
USA), which is much less deliverable than standard 0.014′ 

wires. Indeed, a proportion of lesions cannot be crossed with 
either Rotawire Tm  directly or using a micro-catheter exchange 
system. In these circumstances, an ELCA catheter can be 
advanced over a standard 0.014″ guide wire fi rst to create a suf-
fi cient channel to permit subsequent Rotawire Tm  passage. We 
have termed the combined use of ELCA and rotational atherec-
tomy the “Raser” technique [ 3 ], with a cophrensive explanation 
of the technique contained within Chap.   3    . Furthermore, our 
group has recently published our experience of ELCA in 58 
patients where the lesion was non- crossable or non-expandable 
[ 5 ]. It should be noted that the delivery of one or more trains of 
laser energy, even if the lesion is not transversed, will often 
induce suffi cient plaque modifi cation to allow passage of a 
micro-catheter or Rotawire Tm . 

  Case 2 – (Fig.  8.10 ) 
    A 70 year. old with angina was referred for intervention to 
his right coronary CTO. He had previously undergone com-
plex intervention to his circumfl ex artery via the right radial 
route, so this procedure was conducted via the left radial 

a

ai

b

bi ci

b (zoom)

  Fig. 8.9    Severe concentric fi brotic In-stent restenosis in the proximal 
LAD DES on angiography (panel  ai ) and the corresponding OCT 
(panel  a ). Post ELCA, a cleft/dissection plane is evident (panel  b ), 

extending to the true intimal layer (panel  b -zoom). This was subse-
quently treated with sequential non-compliant and pacitaxel eluting 
balloon infl ations with an excellent fi nal angiographic result (panel  ci )       
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artery. An AllRIght 4.0 6 french guide catheter was used, and 
a Sion Blue (Asahi, Abbott Vascular, Illinois, USA) 0.014″ 
wire was successfully advanced to the distal vessel. 

 The proximal lesion (Fig.  8.10A ) proved un-crossable with 
either a low profi le (1.0 mm diameter) balloon or micro- catheter– 
and ELCA was undertaken. There was an expectation that rota-
tional atherectomy would be required in this case, but as the 
lesion was diffi cult to cross with a Sion wire, a Rotawire Tm  would 
not be deliverable. Therefore, an X80 0.9 mm catheter, at an 
energy of 80 mJ/mm 2  with a PRF of 80 Hz, was used to deliver 
7900 pulses over 12 trains with full traversing of the lesion. 

 OCT taken post-ELCA demonstrates a variegated fi bro- 
thrombotic lesion in the proximal artery – with white throm-
bus apparent on the inferior border (Fig.  8.10a ). Extensive 
media calcifi cation is evident, but little involving the intima 
directly (Fig.  8.10b ). Multiple dissection planes are observed 
distally, within the diseased intimal layer, not extending into 
the calcifi c media (Fig.  8.10b, c ), and not apparent angio-
graphically (Fig.  8.10B ). 

 In view of the lack of intimal calcifi cation, the decision 
was made to attempt crossing with a non-compliant balloon 

(4.0 mm × 20 mm) which was successful, and this expanded 
fully at 10 atm. Once adequately prepared, the lesion was 
treated with two overlapping drug eluting stents (4.0 × 24 mm 
& 4.0 × 28 mm Biomatrix Flex, Biosensors, SIngapore). 
Rotational atherectomy was therefore not required as pre-
dicted by the OCT images despite an ambiguous angio-
graphic image. 

 When a lesion proves to be uncrossable, ELCA is an 
effective strategy to facilitate PCI. Here, ELCA debulked the 
atheroma, increasing vessel compliance allowing large cali-
bre balloon infl ation and stent delivery with minimal further 
preparation. OCT supports this – illustrating the focused tis-
sue ablation resulting from ELCA (Fig.  8.10b, c ).   

    Indication 3: Saphenous Vein Graft 
Intervention 

 Atheromatous degeneration of saphenous vein grafts (SVGs) 
is characterised by multi-focal, diffuse, degenerative lesions 
that often contains signifi cant athero-thrombotic material 

a b c

A B C

  Fig. 8.10    Panel  A  demonstrates a severe calcifi c lesion in the proximal 
RCA. This proved uncrossable. ELCA was undertaken, and the OCT 
taken post-ELCA is shown in panels  a – c , with the position in the RCA 
indicated on panel  B . A variegated fi bro-thrombotic lesion in seen in the 
proximal artery with the appearance of white thrombus on the inferior 
border ( a ). Extensive media calcifi cation is evident, but little involving 

the intima directly (shown with *in panel  b ,  c ) Multiple dissection 
planes are evident distally, within the diseased intimal layer, not extend-
ing into the calcifi c media (panel  b ,  c ), and not apparent angiographi-
cally (panel  B ). The lesion was now easily crossable with an NC 
balloon. After pre-dilatation, the case was completed with 2 DES, with 
the fi nal angiographic appearance shown in panel  C        
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[ 33 ]. This is prone to distal embolisation and subsequent no- 
refl ow. Hence, distal protection devices (DPD) are advocated 
when attempting SVG-PCI [ 34 ]. 

 ELCA has been proposed as an alternative to a DPD, as 
particulate matter released during tissue ablation is below the 
diameter of a capillary and can be easily be resorbed by the 
reticulo-endothelial system. Where a lesion is too severe for 
initial DPD passage, a small diameter ELCA catheter can 
safely traverse the lesion, avoiding distal embolisation, to 
facilitate subsequent DPD delivery and case completion with 
stenting. Alternatively a larger diameter ELCA catheter may 
be the preferred option either with or without DPD to offer 
maximal debulking of the vein graft before stenting. 

 ELCA in SVG-PCI has been studied in a number of reg-
istries. Data from the original laser registry showed that dis-
tal embolisation occurred in only 18/546 (3.3 %) of SVG 
stenoses treated [ 35 ] Prospective data from the CORAL 
multi-centre registry compared 98 patients who underwent 
SVG-ELCA, where DPD delivery was not possible, with the 
SAFER (Saphenous Vein Graft Angioplasty Free of Emboli) 
control group. They demonstrated that ELCA was safe and 
feasible but failed to demonstrate an advantage over standard 
treatment [ 36 ]. In contrast, in retrospective cohort of 119 
patients who presented with acute myocardial infarction 
(AMI) and underwent ELCA SVG revascularisation, the 
peri-procedural MI (CK-MB release) rate was dramatically 
lower than that seen in the SAFER group (2.4 % vs. 8.4 %, 
p = 0.02). (36) There are no randomised control trails of 
ELCA versus DPD to date [ 37 ]. 

  Case 3 – (Fig.  8.11 ) 
    An 82 years. old lady with previous CABG and recurrent 
angina attended for treatment of a severe SVG lesion. This 
was a high risk case, as this was the last remaining vein graft, 
supplying a dominant right coronary system. The native ves-
sel had a long length of disease and was not amenable to 
percutaneous intervention. 

 Angiography was conducted through the right femoral 
artery, and a 50 cm 8 french long sheath was required to 
access the aorta due to excessive tortuosity. An 8 F MPA 
guide was used to intubate the graft. OCT was undertaken to 
examine the lumen of the vein graft and confi rm the most 
signifi cant area area stenosis in the proximal SVG (Fig.  8.11a , 
ai). ELCA was to used in attempt to maximise luminal gain 
and reduce the risk of distal embolisation. Passage of a DPD 
was attempted, but would not pass easily – so was aban-
doned. The stenosis was treated with a 2.0 mm concentric 
Eximer laser catheter, at an energy of 60 mJ/mm 2  with a PRF 
of 40 Hz, delivering 4000 pulses in 10 trains. 

 OCT post ELCA (Fig.  8.11b ), demonstrated dramatic 
reduction in the atheroma burden. However, the laser-tissue 
interaction created a friable intimal surface (a mixture of 
white thrombus and fi bro-atheroma), despite the theoretical 

micro-particle generation [ 37 ,  38 ]. Distal embolisation 
therefore is a risk with passage of any device, supporting the 
position that DPD should be used, if possible, before stent 
deployment in a SVG. 

 The OCT images demonstrate that despite the use of large 
diameter ELCA catheters, large fragments of friable poten-
tially embolic material remain on the lesions surface and 
supports the use of DPD, despite upstream ELCA. 

 This case was completed (without DPD), with a single 
pericardial covered stent (Over and Under, Trendymed, 
Toronto, Canada) (Fig.  8.11c ).  

  Case 4 (Fig.  8.12 ) 
    A 76 years. man with a previous history of severe 3 vessel 
ischaemic heart disease and coronary artery bypass surgery, 
presented to the catheter lab acutely with recurrent angina 
despite optimal medical therapy. Coronary angiography 
demonstrated a severe lesion in the vein graft to OM2 
(Fig.  8.12a ) 

 OCT confi rmed the severity of the disease within the 
degenerative graft, with an MLA of only 3.4 mm 2 . In an 
attempt to reduce the atheroma burden, and maximise lumen 
diameter, ELCA was undertaken. Using a 1.7 mm concentric 
catheter at an energy of 45 mJ/mm 2 , and a PRF of 25 Hz, 22 
trains of Laser were delivered (a total of 3000 pulses). A 
DPD was not used due to the severity and complexity of the 
lesion at initial OCT assessment. OCT assessment following 
delivery of ELCA demonstrates a reduction in the atheroma 
burden without any angiographic nor electrocardiographic 
evidence of distal embolisation. 

 The lesion was treated with a single drug eluting stent 
with an excellent angiographic result. Here, ELCA was used 
in the absence of distal protection without adverse complica-
tions. There remains however friable material within the 
lesion, and maybe use of a DPD should be advocated if such 
a device can be delivered across a lesion.   

    Indication 4: Intra-coronary Thrombosis 
and Primary PCI 

 Primary PCI (PPCI) for the management of acute ST eleva-
tion myocardial infarction (STEMI) is accepted as current 
optimal treatment [ 39 ]. Performing PCI with signifi cant arte-
rial thrombus is often challenging and may increase compli-
cations, in particular from distal thrombus embolisation and 
microvascular obstruction. There have been multiple adju-
vant devices that have been developed aiming to facilitate 
effective and safe revascularisation in this setting. These 
include a variety of simple aspiration thrombectomy cathe-
ters, mechanical thrombectomy devices, mesh covered stents 
and infusion catheters designed to deliver gylcoprotein IIb/
IIIa antagonists and/or vasodilators downstream from the 
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  Fig. 8.11    Angiographic (panel  ai ) and OCT (panel  a ) images demon-
strating a severe lesion in a saphenous vein graft. OCT post ELCA 
(panel  b ,  bi ), demonstrated dramatic reduction in the atheroma burden, 
with panels  a ,  b  taken from identical angiographic positions. However, 
the laser-tissue interaction created a friable intimal surface (a mixture 

of red thrombus and fi bro-atheroma), despite the theoretical properties 
of tissue ablation micro-particle generation, and not seen angiographi-
cally. This case was completed using a single pericardial covered stent 
(panel  c ), with an excellent angiographic result       
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point of occlusion. However, when subjected to large scale 
robust randomised control trials, none have proved superior 
to conventional PCI technique. 

 With respect to the most widely adopted technology, sim-
ple aspiration thrombectomy, the TAPAS (Thrombus 
Aspiration during Primary Angioplasty Study) trial (n = 1000 
patients), demonstrated signifi cantly lower all cause mortal-
ity rate in the thrombus aspiration arm at 1 year, when com-
pared to balloon angioplasty alone [ 40 ]. However, the larger 
TASTE study of over 7000 patients failed to reproduce this 
fi nding at 30 days [ 41 ]. There is a small positive dataset to 
support the use of the M-guard mesh covered bare metal 
stent in PPCI [ 42 ], with a large randomised study in STEMI 
currently underway [ 43 ]. 

 Although there are no signifi cantly powered endpoint tri-
als of using ELCA in PPCI, there is growing recognition 
amongst ELCA users that the device is very effective in this 
situation. Using laser energy to treat coronary thrombus has 
a number of potential advantages. ELCA facilitates removal 
of organised thrombus, destroys pro-coagulant mediators, 
augments tissue plasminogen factor [ 44 ] and appears to 
suppress platelet aggregation [ 45 ]. Exposure of healthy 
blood, in-vivo, to incremental doses of laser energy resulted 
in a dose dependant suppression of ADP and collagen-
induced whole blood aggregation, with suppression of 
platelet contraction force at higher energies. The precise 
mechanism for this inhibition of function remains unclear, 
but no morphological changes were apparent within ELCA 
exposed platelets on electron microscopy [ 45 ]. In addition, 
spectrophotometric studies have demonstrated that throm-
bus absorbs laser light emitted at a optimal wave length of 
415- 514 nm, within the blue-green spectrum in close 

 proximity to the Excimer laser (wavelength 308 nm). 
Therefore laser energies are directly transmitted into the 
thrombus, leading to vaporisation and penetration into the 
clot in a linear dose response fashion [ 46 ]. 

 In the pre-PPCI era, a number of registries report the 
use of ELCA in AMI. In a cohort of 50 patients who pre-
sented with STEMI (56 %)/NSTEMI (44 %) requiring 
emergency revascularisation, ELCA success rate was 
100 %, and signifi cant reduction in thrombus was observed 
in 83 %. TIMI fl ow increased from 1.7 (±1.1) to 2.8 
(±0.4), with only a single ELCA-induced dissection. This 
demonstrated safety, feasibility and relative effi cacy for 
ELCA in AMI [ 47 ]. 

 The multi-centre CARMEL registry, reported on 151 
patients with AMI (54 % Q-wave, 46 % non-q-wave) who 
underwent ELCA [ 48 ]. Laser energy was delivered in 95 % 
of cases, with a 97 % angiographic success rate and TIMI 
fl ow restoration (1.2 ± 1.1 to 2.8 ± 0.5 (p < 0.001)). A large 
thrombus burden was present in 65 % cases and it was in 
these cases that ELCA had the greatest effect on luminal 
diameter. Complications included dissection (5 % major, 
3 % minor), perforation (0.6 %), acute vessel closure (0.6 %) 
and distal embolisation (2 %). The authors concluded that 
application of ELCA in AMI was most effective in lesions 
with extensive thrombus. 

 There is limited data examining ELCA in PPCI for 
STEMI. In a single centre study of 66 consecutive patients, 
ELCA was used during primary/rescue PCI. Myocardial blush 
grade was increased from 0.12 ± 0.4 to 2.5 ± 0.5(42) with TIMI 
fl ow increasing from 0.2 ± 0.4 to 2.65 ± 0.5 [ 49 ]. The increase 
in myocardial blush grade is an indication that ELCA may 
improve outcome, as was observed in TAPAS [ 40 ]. 
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  Fig. 8.12    Panel  a  demonstrates a severe lesion in the mid portion of a 
diffusely diseased saphenous vein graft. Upon OCT interrogation, a dis-
section fl ap is evident (panel  ai ) proximal to a severe stenosis, with an 
MLA of 3.38 cm (Panel  aii ). ELCA was undertaken – on this occasion 
without a distal protection device. Analysis of the OCT image post 

ELCA demonstrates a signifi cant reduction in atheromatous plaque 
burden. Extension of the atheromatous dissection is clearly shown in 
panel  bii , that is not clearly seen angiographically. The case was com-
pleted with deployment of a single DES with an excellent angiographic 
and OCT result (panel  c )       
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 There is only a single published randomised trial of 
ELCA-PCI compared to a conventional strategy in 
STEMI. The LaserAMI study examined only 27 patients, 
and not powered for superiority. It demonstrated that ELCA 
was safe and effective – with no signifi cant complications 
[ 44 ]. There were no differences observed in TIMI fl ow, myo-
cardial blush score, nor corrected TIMI frame count, although 
in the latter, the gain from baseline was higher in the ELCA 
group – maybe suggesting an advantage towards ELCA. 

 Despite the theoretical advantages ELCA offers in AMI – 
in particular STEMI – there is a lack of randomised data in 
comparison to aspiration thrombectomy. In particular, ELCA 
may offer benefi t in cases of massive thrombus – where aspi-
ration thrombectomy may be ineffective. 

  Case 5 – (Fig.  8.13 ) 
    A 32 years. old presented to the catheter lab with an anterior 
STEMI. He was admitted 2 weeks previously following a 
renal haemorrhage – requiring 4U of blood. During this 
admission – he had a transient episode of chest discomfort, 
associated with anterior ST elevation that rapidly resolved 
without treatment. A CT angiogram, organised during this 
admission, as a the diagnosis was uncertain and to avoid an 
invasive procedure, had indicated that his coronary arteries 
appeared free from atheroma, 

 Emergent coronary angiography was undertaken through 
the right radial artery, initially using 6 F equipment. This 
demonstrated a massive thrombus in the proximal LAD 
(Fig.  8.13a ). Aspiration thrombectomy extracted a small vol-
ume of white thrombus, but had little angiographic effect. 
OCT was used to assess the detailed vascular architecture in 
an attempt to establish the presence/absence of atheroma. 
OCT imaging revealed extensive red and white thrombus, 
with multiple layers of organised lamina thrombus 
(Fig.  8.13c ). The varying thrombus densities would suggest 
multiple vessel thromboses – correlating with the clinical 
history. There was no atheroma evident. 

 A 1.4 mm Excimer catheter, using an energy of 45 mJ/
mm 2  with a PRF of 45 Hz, was employed to deliver 3000 
pulses of energy with a dramatic improvement in thrombus 
burden. Repeat OCT demonstrated a reduction in macro-
scopic thrombus, but there remained a signifi cant quantity 
of lamina thrombus within the artery. The radial guide was 
then upsized to a 7 F system, allowing mechanical throm-
bectomy to be undertaken. Using the Thrombcat XT rota-
tional thrombectomy device (Spectranetics, Colorado 
Spings, USA), the amount of thrombus visible on both angi-
ography and OCT was signifi cantly reduced. This was all 
conducted in combination with optimal anti-thrombotic and 
anti-platelet therapy Post thrombectomy, OCT demon-
strated no evidence of vascular trauma that would necessi-
tate further PCI (Fig.  8.13d, e ).  

  Case 6 – Large Thrombus Burden (Fig.  8.14 ) 
    A 26 year old man diabetic, current smoker, presented via a 
remote emergency department with an anterior STEMI. He 
had a history of an anterior STEMI treated 6 months previ-
ously in another institution with simple balloon angioplasty 
and thrombus aspiration as IVUS demonstrated only mild 
atheromatous plaque in the proximal vessel, associated with 
occlusion of the very distal LAD. No stent was deployed and 
there was no signifi cant lesion noted on IVUS. 

 Once again, emergent coronary angiography was under-
taken through a right radial approach using 6 F equipment. 
On this occasion, it demonstrated a proximally occluded 
LAD, with a large burden of organised thrombus (Fig.  8.14a ). 
Aspiration thrombectomy had little effect and retrieved no 
macroscopic thrombus. ELCA was undertaken, and using a 
0.9 mm concentric ELCA catheter with an energy of 45 mJ/
mm 2  and a PRF of 25 Hz, 3750 pluses were delivered. TIMI 
3 fl ow was restored, with a dramatic reduction in angio-
graphically apparent thrombus (Fig.  8.14b ). 

 Unlike case 5, the high organised thrombus burden 
obscured the underlying arterial initima and media 
(Fig.  8.14 ai). There was no atheroma visible either proximal 
or distal to the point of occlusion, but given the clinical con-
text, it was likely that an underling plaque rupture was the 
cause of his acute presentation. In view of his young age and 
diabetes mellitus, and the likelihood of the need for further 
revascularisation in the future, his artery was treated with a 
3.0 × 28 mm bio-absorbable scaffold (BVS, Abbott Vascular, 
Illionis, USA), that was post dilated with a 3.25 × 12 mm NC 
balloon. OCT imaging post deployment confi rmed good 
scaffold apposition (Fig.  8.14 ci). Of note, residual thrombus 
is apparent prolapsing through the struts of the scaffold. 
(Fig.  8.14 cii) This emphasises the need for optimal pharma-
cotherapy in the treatment of massive organised thrombus, as 
residual thrombus will often remain after treatment. As with 
the previous case, the use of ELCA in this artery with little 
disease but massive organised thrombus was not associated 
with any signifi cant vascular trauma.  

  Case 7 (Fig.  8.15 ) 
    A 52 year old man presented via the emergency department 
with an inferior STEMI. He was pre-treated with aspirin, 
clopidogel and a bolus and infusion of Bivalrudin, and taken 
directly to the catheter lab for emergent coronary angiogra-
phy. This was undertaken via the right radial artery using 6 F 
equipment. This demonstrated a proximal occlusion of the 
right coronary artery, associated with massive organised cor-
onary thrombus (Fig.  8.15a ). 

 Percutaneous intervention was then undertaken via a 6 F 
AL1 guide. The lesion was crossed with a PT graphix wire 
(Abbott Vascular, Illionis, USA), without complication. 
Simple aspiration thrombectomy had little effect on either 
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fl ow nor on the quantity of thrombus present. Hence, ELCA 
was initiated – with a 1.4 mm concentric catheter using an 
energy of 45 mJ/mm 2  at a PRF of 25 Hz, delivering 5000 
pulses of Laser energy in 12 trains. 

 This had a dramatic effect of the amount of visible thrombus 
and re-established TIMI 3 fl ow. further aspiration thrombec-

tomy was undertaken with retrival of a small amount of organ-
ised thrombus, and the artery was treated with delivery of three 
overlapping DES (3.5 × 33 mm, 4.0 × 28 mm, 4.0 × 28 mm 
Biomatrix Flex, Biosensors, Singapore). TIMI 3 fl ow was 
maintained, and his ST elevation settled – but with signifi cant 
thrombus remaining in the proximal artery (Fig.  8.15c ). Further 
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  Fig. 8.13    A coronary angiographic still demonstrating a massive 
organised thrombus in the proximal LAD (panel  c ). OCT imaging 
revealed extensive red thrombus (panel  a , indicated by  red stars ), with 
multiple layers of organised lamina thrombus (panel  b , indicated by the 
 white arrows ). The varying lamina thrombus densities would suggest 

multiple vessel thromboses – correlating with the clinical history. There 
was no evidence of vascular atheroma. Post ELCA, a dramatic reduc-
tion in thrombus burden is seen (panels  d ,  e ) with no evidence of vascu-
lar trauma that would necessitate further PCI       
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aspiration thrombectomy and ELCA was undertaken – with an 
increase in energy (to 60 mJ/mm 2  at a PRF of 40 Hz), but with 
little effect on the angiographic appearance. He was started on 
eptifi batide and returned to the CCU. 

 He remained on eptifi batide for a period of 5 days, during 
which he continued to experience transient chest discomfort 
associated with ST segment elevation. At this point, it 
became apparent that medical therapy had been unsuccessful 
in thrombus dissolution, so he returned to the lab for further 
assessment of his RCA. Intervention was again performed 
via the RRA, using a specifi c sheathless 7.5 F guide. OCT 
assessment of the RCA revealed signifi cant red thrombus 
remained within the proximal vessel (Fig.  8.15 di). The stents 
were well deployed within the artery, but thrombus was 
apparent surrounding the stent struts, and in a layer between 
the struts and the true arterial wall. There was no intimal 
damage or dissection evident as a consequence of ELCA. 

 Further aspiration thrombectomy had little effect, so 
mechanical thrombectomy, using the Thrombcat XT 
(Spectranetics, Colorado Spings, USA) rotational thrombec-
tomy device, was undertaken. A distal protection device 

(Filterwire EZ, Boston Scientifi c, Boston) was positioned 
prior to Thrombcat deployment to minimise distal embolisa-
tion. A number of runs with the Thrombcat device were per-
formed, with a signifi cant reduction in the amount of 
angiographically visible thrombus. A further run of ELCA 
was also performed, using a 1.7 mm catheter at an energy of 
60 mJ/mm 2  and a PRF of 40 Hz, in an attempt to treat any 
thrombus that may not have been within reach of the throm-
bectomy device. In addition, the stents were post dilated 
using a 4.0 mm and 4.5 mm non-compliant balloon to ensure 
true intimal apposition. An OCT was repeated and demon-
strated a dramatic reduction in the amount of thrombus, with 
only a small amount seen adherent to the stent struts 
(Fig.  8.15 fi ). The patient completed a further 2 days of epit-
fi batide, and remained pain free until discharge without 
complication. 

 This case demonstrates the effectiveness of ELCA in the 
treatment of massive organised coronary thrombus. Crucially 
in this case, this was combined with further adjuvant inter-
ventional techniques and optimal pharmacotherapy to 
achieve an excellent fi nal result.   
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  Fig. 8.14    An angiographic (Panel  a ) and OCT cross section (Panel  ai ), 
demonstrating a large organised thrombus in the proximal LAD ( cir-
cled ), with a massive red thrombus burden. ELCA was then undertaken, 
with a dramatic improvement in thrombus burden – observed on both 
angiographic (Panel  b ) and OCT (panel  bi ) imaging. The underlying 
artery has been obscured by  red thrombus , and the culprit atheromatous 

plaque is not visible. The lesion was the treated with a bio-resorbable 
vascular scaffold (BVS) – with an excellent angiographic (Panel  c ) and 
OCT result (Panel  ci – iii ). The BVS has been appropriately sized and is 
well opposed throughout (Panel  ci  and  ciii ), with no evidence of vascu-
lar trauma. The thrombus has been contained and can be seen prolaps-
ing through the scaffold struts (Panel  cii  – indicated by  arrows )       
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    Indication 5 – Under-Expanded Stent 
(Fig.  8.16 ) 

    The presence of signifi cant calcifi cation within a lesion can 
lead to a failure of balloon dilatation. In such cases, de- bulking 
and plaque modifi cation techniques (such as rotablation) are 
typically employed to facilitate stent expansion. Despite this, 
stent under-expansion remains a risk of treating such vessels. 

Post intervention luminal diameter and minimal luminal area 
can predict the risk of subsequent stent thrombosis. Once a 
stent has deployed and failed to expand – despite high pressure 
balloon dilatation, then therapeutic strategies are limited. 

 Excimer laser atherectomy for the treatment of a non- 
dilatable stented lesions was fi rst reported in 1998 [ 50 ]. 
Since then, the technique has been modifi ed, with operators 
replacing the saline infusion with intravenous contrast. Upon 
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  Fig. 8.15    A series of angiographic stills that demonstrate: ( a ) An occluded 
dominant right coronary artery. The  black arrow  marks the presence of a 
massive intra-coronary thrombus. ( b ) Establishment of TIMI 2 fl ow follow-
ing excimer laser atherectomy. ( c ) Final result after treatment with three 
overlapping drug eluting stents (Biomatrix, Biosensors, SIngapore), with 
thrombus still evident in the proximal segment of the artery. ( d ) Evidence 

of proximal red thrombus remains ( Black arrow ), shown on OCT to overly 
the stent struts (panel  di  – star indicating residual thrombus). ( e ) Passage of 
Thrombcat XT (Spectranetics, CA, USA) over a distal protection device. 
( f ) Final angiographic and OCT appearance (Panel  fi  ), with near complete 
thrombus resolution – with  white arrows  indicating a small volume of red 
thrombus that remains adherent to the stent struts       
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Excimer laser activation, large bubbles can develop within 
the viscous contrast liquid, that upon rupture can produce a 
signifi cant localised force within the vessel lumen. This pro-
duces focused localised plaque disruption that within the 
vessel containing the under-deployed stent and within the 
media constraining stent deployment. This plaque modifi ca-
tion may be suffi cient to allow stent expansion with subse-
quent non-compliant balloon dilatation [ 51 ]. 

 This technique, fi rst described in a number of case reports, 
has now been systematically evaluated in the ELLEMENT 
registry of 28 patients [ 52 ]. Using an increase of 1 cm 2  on 
IVUS or an increase of at least 10 % in minimal stent diam-
eter by QCA as a defi nition of procedural success, this was 
achieved in 96.4 % (27/28) of cases. Peri-procedural MI 
occurred in 7.1 %, with transient slow-fl ow in 3.6 % and ST 
elevation in 3.6 %. During follow-up there was one cardiac 
death, and TLR occurred in 6.7 %. There were no cases of 
perforation nor tamponade. Despite the theoretical risks, this 
strategy does not appear to be associated with a signifi cantly 

higher complication rate when compared to the limited alter-
native strategies for this scenario. 

  Case 8 (Fig.  8.16 ) 
 A 72 year old gentleman with a long history of ischaemic 
heart disease, CABG, and native vessel coronary interven-
tion presented to the lab for treatment of a segment of in- 
stent restenosis within the distal left main stem involving 
the ostium and proximal portion of the circumfl ex. This 
portion of the artery had been previously treated on 5 sepa-
rate occasions for in-stent restenosis, and contained 3 lay-
ers of stent (implanted on three separate occasions). In 
addition to recurrent stent deployment, additional ISR 
modifi cation techniques had been used – including cutting 
and drug eluting balloons – in an attempt to treat ISR. He 
presented to a remote hospital with 2 separate non-ST ele-
vation myocardial infarctions, having failed medical ther-
apy that included high dose oral anti-platelets and 
aggressive lipid and blood glucose control. 
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  Fig. 8.16    Panel  a  is an OCT cross section taken from the proximal 
vessel demonstrating multiple layers of stent. Panel  b  is distal to panel 
 a , and illustrates the worst area of re-stenosis. Within this area is an area 
of poorly defi ned neo-initma (within the  yellow circle ), although this is 

not associated with any overlying thrombus or plaque rupture. Panel  c  
demonstrates the same area after intervention with ELCA, rotablation 
and further stent deployment. There has been a signifi cant increase in 
MLA, with no evidence of further thrombus formation       
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 Coronary intervention was undertaken through the right 
femoral artery using 7 F equipment (Fig.  8.16a ). After pre- 
dilation with sequential 3.5 and 3.75 non compliant balloons, 
ELCA was undertaken, utilising a 0.9 mm concentric catheter 
at a power of 80 mJ/mm 2  and a PRF of 80 Hz, delivering 24 
trains of energy. This was repeated with a 2.0 mm concentric 
catheter – again using a power of 80 mJ/mm 2  and a PRF of 
80 Hz. During these runs, saline was replaced with contrast. 

 OCT following ELCA demonstrated a signifi cant increase 
in MLA (Fig.  8.16b ), with clefts within the intima layer that 
allowed full balloon expansion. There did however remain a 
segment of calcifi c disease that prevented full balloon expan-
sion. The case was completed with rotablation to this area of 
the vessel, further large calibre NC balloon dilatation and 
deployment of a further 4.0 mm drug eluting stent to maxi-
mise vessel luminal diameter (Fig.  8.16c ). 

 This case illustrates the both the advantages and limitations of 
ELCA. Laser energy is not constrained by the physical boundary 
of the stent, and is able to act within the heavily fi brosed intimal 
layer to maximise stent expansion. Its action is however limited 
by the presence of large volumes of dense calcifi cation. In these 
circumstances, currently rotational atherectomy offers the most 
effective solution for lesion debulking/modifi cation to facilitate 
stent expansion – as is demonstrated in this case.   

    Conclusions 

 These eight cases span the current main indications for 
ELCA which remains a safe and effective technique in 
these clinical scenarios. The OCT appearances offer an 
insight into both the mechanism of ELCA, and its potential 
uses in PCI. In particular, they illustrate the effectiveness of 
ELCA thrombus ablation. However, despite the theoretical 
advantages of ELCA over simple aspiration – particularly 
in massive thrombus – further data is needed to support its 
routine use in STEMI. We have also illustrated the impor-
tance of DPDs in SVG intervention to minimise the risk of 
no-refl ow in addition to the use of ELCA. 

 As increasingly challenging and complex cases are 
encountered during PCI, it is likley that intra-coronary 
imaging (OCT), will increasingly be used in combination 
with adjunctive techniques such as ELCA and rotational 
atherectomy. The interventional cardiologist should there-
fore be aware of the typical OCT fi ndings before and after 
ELCA to facilitate decision making during the case.     
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      308 Nanometer Excimer Laser 
in the Therapy of Peripheral 
Vascular Disease       

     Craig     M.     Walker     

         Three hundred and eight nanometer excimer laser energy is 
being increasingly utilized for the interventional treatment of 
occluded peripheral arteries and bypass grafts. It is utilized 
as a crossing tool in some cases and as an atherectomy and 
thrombus removal device facilitating revascularization in 
others. Excimer laser has been FDA approved to cross and 
treat instent occlusions of peripheral arteries. Excimer laser 
coupled with thrombolytic drugs is not FDA approved to 
treat occluded synthetic femoral-popliteal grafts but has been 
utilized by several clinicians for this purpose [ 1 ]. 

 Excimer laser energy is delivered via fi ber-optic catheters 
with up to 150 cm delivery length in over the wire and rapid 
exchange confi gurations. Catheter sizes of 0.9, 1.4, 1.7, 2.0, 
2.3, and 2.5 mm are available. 

 308 nm excimer laser energy ablates obstructive tissue by 
three recognized mechanisms: (1) photochemical, (2) photo- 
thermal, and (3) photomechanical. The photo-chemical 
effect is characterized by disruption of molecular bonds as 
excimer laser light energy is absorbed by obstructive plaque 
and thrombus. The photo-thermal effect is the result of the 
conversion of absorbed light energy into heat secondary to 
conversion of the absorbed laser energy into vibrational 
energy. Because the laser energy is administered only in 125 
ns bursts (energy is delivered <1 % of the treatment time) 
there is only a minimal thermal effect at the catheter tip with 
temperatures rarely exceeding 50° Celsius. There are no oxi-
dative by-products indicative of burning. The photomechani-
cal effect is secondary to the creation of a vapor bubble 
caused by the photo-thermal effect. The vapor bubble is typi-
cally larger than the cross sectional area of the catheter 
allowing the laser treatment to create a lumen larger than the 
catheter cross-sectional area. The size of the vapor bubble is 
directly related to the Fluence (surface energy measured in 

mj/mm 2 ) and is inversely proportional to the rate of advance-
ment. Energy delivery is at the distal tip of the fi ber optic 
catheter with no “dead space” interacting with diseased seg-
ment before atherectomy occurs. To create even larger 
lumens a device, which eccentrically displaces the laser 
catheter (Turbo-Booster or Turbo-Tandem) (Fig.  9.1 ) can be 
utilized. Directed passes create incremental luminal gain. 
(Intravascular ultrasound has confi rmed lumens of up to 
5.5 mm in diameter following treatment with Turbobooster 
alone.) This device does however have distal “dead space” 
interacting with the treated area before the ablative energy is 
delivered (Fig.  9.2 ).

    Excimer laser energy photoablates plaque and thrombus 
at a depth of approximately 50 μm per 125 ns burst of energy. 
Delivery frequencies of up to 80 bursts per second are avail-
able in all catheter sizes. This allows catheter advancement 
rates of no more than 0.5–1.0 mm/s if the operator desires 
optimal tissue ablation. Advancement rates faster than this 
result in a suboptimal laser effect (less tissue ablation) as 
well as an increased risk of embolization [ 2 ]. Catheter sur-
face energies (Fluence) of up to 80mj/mm 2  can be delivered 
with the .9 mm catheter but only 45 mj/mm 2  via the 2.5 mm 
probe. All of the other laser catheters can deliver energy den-
sities up to 60 mj/mm 2 . Peripheral vascular excimer laser 
catheters do not automatically shut off at pre-specifi ed treat-
ment times like coronary catheters (“constant on”) allowing 
the operator to determine the treatment run time and avoid 
untreated gaps in treated long segments of disease. 

 Excimer laser can be used as defi nitive therapy or as par-
tial debulking therapy (of thrombus, intimal hyperplasia, and 
plaque) prior to balloon angioplasty or stenting. Laser ather-
ectomy is utilized to achieve greater luminal gain with 
diminished risk of dissection. Interventional treatment with 
laser should be conducted utilizing saline fl ush. There should 
be no contrast in the area of treatment as this creates percus-
sive waves, which increase the risk of dissection, perforation, 
and embolization. Rapid catheter advancement rates result in 
suboptimal debulking and an increased risk of embolization 
[ 2 ]. Laser catheters can be utilized as a crossing tool in 
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totally occluded vascular segments “Step by Step technique” 
described by Biamino [ 3 ]. This author has found this to be 
very useful in crossing long areas of in-stent occlusion, as 
the devices are typically larger than the stent interstercies 
therefore the device is held in an intraluminal position by the 
stent. This approach debulks simultaneously as crossing 
occurs. 

 The Step-by-Step Technique is demonstrated in Fig.  9.3 .
   Multiple trials have been conducted utilizing 308 nm 

excimer laser energy to treat peripheral arterial disease. 
 One of the fi rst randomized trials was the PELA 

(Peripheral Excimer Laser Angioplasty) trial in which 251 
patients with total superfi cial femoral artery occlusions 
and claudication were randomized to PTA or laser assisted 
PTA [ 4 ]. Results at 1 year suggested no clinical patency 
benefi t in the patients who were treated with laser and 
PTA over PTA alone. It should be noted, however that this 
trial was performed with no probes larger than 2.3 mm in 
diameter. Strict control of technique was not mandated. In 
this trial, the excimer laser catheter was frequently uti-
lized as a crossing tool via the “Step by Step” technique 
popularized by Dr. Biamino with excellent crossing suc-
cess [ 3 ]. With this technique the laser is advanced to the 
area of total SFA occlusion then activated at low energies 

and advanced several mm to cross the cap of the occlusion 
while carefully monitoring for pain. Further attempts at 
wire crossing are made and if unsuccessful the process of 
blind laser advancement repeated followed by attempts at 
wire crossing repeated until the total occlusion was 
crossed. 

 The LACI (Laser Angioplasty in Critical Limb Ischemia) 
trial [ 5 ,  6 ] enrolled 145 patients with critical limb ischemia 
that were poor surgical candidates at 15 sites in the United 
States and Germany. Laser angioplasty was performed in 
99 % of cases with 96 % receiving adjunctive PTA and 
45 % stenting respectively. Blood fl ow was restored in 
89 %. There was a 92.5 % six-month limb salvage rate and 
a 10 % mortality at 6 months (which is typical in CLI 
patients). The ABI improved from 0.54+ or −.21 to .84+ or- 
.2, there was no active control group in this trial (historical 
controls were used) leading many to criticism of the out-
come data. 

 The CELLO (ClirPath Excimer Laser System to Enlarge 
Luminal Openings) [ 7 ] trial was a 17 center international 
trial that enrolled 65 patients with denovo SFA lesions for 
laser treatment utilizing the Turbo-Booster laser device to 
increase plaque ablation in vessels with at least 70 % steno-
sis. The Turbo-Booster treatment reduced stenosis from 77.3 

  Fig. 9.1    Turbo booster       

  Fig. 9.2    A view directly down 
on the device with the catheter 
above the Turbo Booster       
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to 42.5 % immediately with no major adverse events at 6 
months. At 1 year ABI had increased from .78 to .9. Walking 
impairment questionnaire had improved from 45.6 to 65.1 
and Rutherford category had improved from 2.4 to 1.3 at 12 
months. All of these secondary endpoints were statisically 
signifi cant. 

 Excimer laser was utilized to debulk in-stent restenotic 
lesions prior to balloon angioplasty in the EXCITE trial [ 8 ]. 
There were 250 patients enrolled with in-stent stenosis 
greater than 4 cm. that were randomized 2:1 to laser atherec-
tomy followed by PTA versus PTA alone. Procedural success 
was higher in the group treated with laser (93.5 % vs. 
82.7 %). The group treated with laser had less dissections 
(7.7 % vs. 17.2 %) and less need for repeat stenting (4.7 vs. 
13.6 %). There were similar rates of procedural complica-
tions. Laser has received FDA approval for the treatment of 
in-stent restenosis. 

 There is an ongoing study being conducted in the inter-
ventional treatment of “in-stent restenosis prior to drug- 
eluting balloon therapy of diffuse in-stent obstructions 
(PHOTOPAC) [ 9 ]. 

 Although other frequencies of laser energy were his-
torically utilized in the therapy of PAD, they were limited 
by the creation of thermal injury and thrombogenic 
effects. These lasers are no longer utilized. At present the 
308 nm excimer laser is the only FDA approved laser used 
to treat PAD. 

 Several case studies will demonstrate the use of laser in 
treating PAD. 

    Cases 

  Case 1 
 68 year old male with 1 cm plantar ulcer on foot, with true 
ischemia rest pain (Figs.  9.4 ,  9.5 ,  9.6 ,  9.7 ,  9.8  and  9.9 ).

          Case 2 
 41 year old female with multiple failed angioplasty/stent 
procedures (Fig.  9.10 ).

     Case 3 
 60 year old male, post femoral stenting (Fig.  9.11 ).

     Case 4 
 57 year old male with chronic in-stent occlusion (Fig.  9.12 ).

     Case 5 
 62 year old male de-nova SFA occlusion (Figs.  9.13, 9.14, 
and 9.15 ).

     Case 6 
 49 year old female de-nova SFA occlusion (Fig.  9.16 ).

     Infrapopliteal Case 1 
 54 year old male with ischemic ulcer second toe (Figs.  9.17 
and 9.18 ).

     Infrapopliteal Case 2 
 56 year old male with severe rest pain (Figs.  9.19 ,  9.20  and  9.21 ).

  Fig. 9.3    Laser catheter advanced 
to occlusion attempt wire 
crossing. If that fails, activate 
laser at low energy and advance 
several mm monitoring pain. 
STOP IF PAIN. Try to advance 
wire again. If unsuccessful repeat 
steps until lesion crossed (use 
low energy)       
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      Step by step (Figs.  9.22  and  9.23 ).

      1.    Allows for breaking of proximal cap   
   2.    Slow advancement   
   3.    Probe with wire   
   4.    Carefully monitor pain    

  Fig. 9.4    Occluded popliteal artery and proximal infra-popliteal vessels that could not be crossed in ante-grade manner       

  Fig. 9.5    Patent infra-popliteal arteries at ankle       
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  Fig. 9.6    Following posterior tibial artery access at the ankle a 2.9 F sheath was placed then the lesion was crossed with a .018 guidewire       
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  Fig. 9.7    The guidewire was snared into the femoral sheath then the 
lesion was crossed over this wire following which the soft distal wire 
tip was advanced beyond the arterial entry site. The posterior tibial 

sheath was then removed and light digital pressure applied for one min-
ute to achieve hemostasis       

  Fig. 9.8     Left : The occluded 
segment was treated with a 
2 mm laser atherectomy device 
followed by low-pressure 
balloon infl ation.  Right : Final 
angiographic result       
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  Fig. 9.9    Occluded synthetic femoral-below the knee popliteal arterial graft with rest pain       
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Occluded graft

2.3 mm laser probe over
.014 wire around which
10mg TNK given with
20 minute dwell time

Vessel
reconstitution

Post lysis
proximal graft

dilated

0.9 laser probe
in graft

Post lysis distal
graft dilated

Final result

  Fig. 9.10    41 year old female with multiple failed angioplasty/stent procedures and two failed femoral to below knee bypass grafts. Patients pre-
sented with angiographically confi rmed graft occlusion for three months and true ischemia rest pain       
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  Fig. 9.11    60 year old male, post femoral stenting 2 years prior who developed Rutherford 3 claudication, secondary to in-stent restenosis. Patient 
successfully treated with laser atherectomy followed by balloon angioplasty       

  Fig. 9.12    57 year old male with chronic in-stent occlusion and true ischemia rest pain. Treated with turbo booster laser Atherectomy with no 
angioplasty       
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4 Quadrant
360∞

TURBO- Booster
catheter

(2.0 mm laser)
Pathway

  Figs. 9.13, 9.14, and 9.15    62 year old male de-nova SFA occlusion with Rutherford 3 claudication. Treated with Turbo Booster atherectomy with 
no adjunctive PTA       
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Pilot channel1 pass
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Final anglo
after 4 quad pass

  Fig. 9.16    49 year old female de-nova SFA occlusion with Rutherford 
3 claudication. Treated with Turbo Booster Atherectomy as sole 
therapy       
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  Figs. 9.17 and 9.18    54 year old male with ischemic ulcer second toe, with history of two prior failed femoral-tibal bypass grafts. Patient had true 
ischemic rest pain. Lesion crossed with guide wire then treated with .9 mm laser followed by balloon angioplasty       
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  Fig. 9.19    A 56-year-old male with severe rest pain and a history of 
multiple failed distal bypass surgical procedures. Gangrenous toes with 
active infection       

Figs. 9.17 and 9.18 (continued)

 

9 308 Nanometer Excimer Laser in the Therapy of Peripheral Vascular Disease



138

  Fig. 9.20     Left : Initial angiogram showing totally occluded distal pop-
liteal artery with no distal fi lling by angiography. CTA and MRA also 
showed no distal targets.  Right : Lesion could not be crossed with a 

guide wire. Step by step technique was utilized to cross revealing a 
widely patent channel after laser alone (Subsequent PTA was performed 
with a 3mmballoon not shown here)       

  Fig. 9.21    Foot post minor amputation and skin grafting (13 years post 
procedure)       
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  Fig. 9.22    Guide wire could 
not be advanced past this 
point. IVUS confi rmed this 
was intraluminal in SFA       

4mm Smooth,
Concentric Lumen

  Fig. 9.23    2 mm laser probe 
advanced using step-by-step 
technique to cross and 
establish a pilot channel 
(Subsequent PTA was 
performed but is not shown)       
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      Conclusions 

 Three hundred and eight nanometer excimer laser is a versatile 
and useful tool in the interventional therapy of PAD when uti-
lized appropriately. It can remove obstructive plaque and 
thrombus without thermal injury as solo or adjunctive therapy.     
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Ischemia       

     Gagan     D.     Singh      ,     Ehrin     J.     Armstrong      , and     John     R.     Laird     

            Introduction 

 Critical limb ischemia (CLI) results from severe arterial 
insuffi ciency and is characterized by rest pain, non-healing 
ulceration or gangrene. Angiographically, CLI often involves 
progressive multi-level atherosclerosis of the iliac, superfi -
cial femoral, popliteal, and/or infrapopliteal arteries. Many 
diabetic CLI patients will present with severe occlusive dis-
ease of all three of the infrapopliteal arteries. CLI is associ-
ated with major amputation rates of 40 % and mortality rates 
of 25 % at 1 year [ 1 ,  2 ]. Medical therapy remains an impor-
tant component of the care of CLI patients in order to reduce 
the burden of modifi able risk factors (e.g., diabetes, hyper-
tension, smoking) and to treat the associated cardiovascular 
comorbidities of such patients [ 3 ]. At the same time, the 
majority of patients require adjunctive endovascular or surgi-
cal revascularization to maximize limb salvage and 
amputation- free survival. Establishment of “straight line” 
fl ow to the foot in one or more of the infrapopliteal arteries is 
necessary to allow for adequate tissue healing, and avoid-
ance of major (above the ankle) amputation. 

 Percutaneous transluminal angioplasty (PTA) is the most 
common endovascular intervention for treatment of CLI [ 3 – 5 ]. 

PTA alone can obtain durable results in focal aorto-iliac lesions 
[ 3 ], but is associated with higher rates of restenosis for longer 
lesions and smaller caliber vessels, and is limited by elastic 
recoil, and vessel injury [ 4 ,  5 ]. Additionally, the frequent pres-
ence of chronic, infrainguinal occlusions among patients with 
CLI limits the utility of isolated PTA as such lesions have a 
high rate of restenosis. With advances in new technologies for 
treatment of anatomically complex PAD [ 6 ] and refi nement in 
recanalization techniques, improved procedural success rates 
and outcomes are possible in the endovascular treatment of 
CLI. Among these modalities, laser atherectomy has been well 
studied and holds particular promise for the successful treat-
ment of challenging femoropopliteal and infrapopliteal lesions 
that are frequently encountered in patients with CLI. The goal 
of this chapter is to delineate the technical aspects of laser 
atherectomy for treatment of complex lower extremity lesions 
and to review the clinical literature supporting the use of laser 
atherectomy in the treatment of CLI.  

    Technical Aspects of Laser Atherectomy 
in Patients with Critical Limb Ischemia 

 Peripheral arterial applications of laser atherectomy utilize a 
308 nm excimer laser similar to the system utilized in the 
coronary arteries (Spectranetics, Colorado Springs, CO). 
Catheters are available in both rapid exchange and over the 
wire confi gurations (Table  10.1 ). For larger femoropopliteal 
vessels, catheter diameters up to 2.5 mm can be used, 
whereas smaller 0.9–1.7 mm catheters are available for infr-
apopliteal applications. The 2.5 mm TurboElite® laser cath-
eter (Fig.  10.1a ) can be delivered through an 8 Fr sheath, 
while a 2.3 mm catheter can be delivered through a 7 Fr 
sheath. The TurboTandem® laser atherectomy (Fig.  10.1b ) 
catheter also provides circumferential laser atherectomy for 
larger debulking applications, and has been shown to have 
utility for cases of femoropopliteal in-stent restenosis. Each 
of these available catheters can utilize a wide range of repeti-
tion rates and fl uency to deliver optimal atherectomy at the 
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target lesion site. In each case, the laser catheter should be 
advanced slowly (typically 0.5–1.0 mm/s) in order to maxi-
mize lesion debulking.

   Because patients with CLI often have chronic occlusions, 
it is worth noting that laser atherectomy techniques have 
been developed specifi cally for crossing occlusions of the 
superfi cial femoral artery or infrapopliteal vessels. This “step 
by step” technique is particularly useful when there is a hard, 
fi brous proximal cap or when prominent collaterals are pres-
ent at the proximal end of the occlusion, and the guidewire 
gets repetitively defl ected into the collateral vessels. In the 
“step by step” technique, a wire is initially advanced to a site 
of occlusion (Fig.  10.2 ). The laser is then advanced to the tip 
of the wire at the proximal end of the cap. Laser atherectomy 
is then performed after withdrawal of the wire tip, so that the 
laser performs focal ablation at the proximal cap. The wire is 
then advanced into the site of ablation, and the laser is again 
advanced and activated (in a stepwise manner) to provide 
lesion debulking and to facilitate crossing of the occlusion. 
By serially repeating this process, it is possible to success-
fully advance the guidewire and laser through the occlusion, 
across the distal cap, and into the true lumen beyond the 
occlusion.

        Clinical Studies of Laser Atherectomy 
in Critical Limb Ischemia 

 The effi cacy of laser debulking therapy was fi rst noted more 
than two decades ago, but initial clinical utility was limited 
by device profi le [ 7 ]. The current generation of laser debulk-
ing devices have led to marked improvement in patient- 
centered outcomes. The use of laser atherectomy for patients 
with CLI has been studied in multicenter trials as well as 
smaller retrospective cohorts. The following discussion 
reviews the published literature of laser atherectomy for 
treatment of patients with CLI. Because patients with CLI 
often have diabetes and are at high risk for the development 
of in-stent restenosis, the potential application of laser ather-
ectomy for these two clinical situations is also discussed. 

    Initial Studies of Laser Atherectomy 
in Claudication and CLI 

 One of the fi rst studies of laser atherectomy for endovascular 
intervention evaluated 318 patients with long superfi cial femo-
ral artery (SFA) occlusions undergoing 411 consecutive 

   Table 10.1    Excimer laser (Spectranetics, Colorado Springs CO) device specifi cations   

 Device  Device size  Sheath size  Working length (cm)  Guidewire (inches) 

 Turbo Elite OTW  0.9–2.5 mm  4 F: 0.9 mm device  110 for 2.5 mm  0.014 for 0.9 and 1.4 mm 

 5 F: 1.4 and 1.7 mm  120 for 2.3 mm  0.014 or 0.018 for 1.7, 
2.0, 2.3 and 2.5 mm  6 F: 2.0 mm  150 for others 

 7 F: 2.3 mm 

 8 F: 2.5 mm 

 Spectranetics Turbo Elite Rx  0.9–2.0 mm  4 F: 0.9 mm device  150  0.014 

 5 F: 1.4 mm 

 6 F: 1.7 mm 

 7 F: 2.0 mm 

 Turbo Booster Laser Guide 
Catheter 

 Custom guide sheath that 
allows the laser to 
directionaly ablate tissue to 
obtain a larger lumen 

 7 F: 1.4 and 1.7 mm 
devices 

 110  Guidewire sizing 
according to laser device 

 8 F: 1.4, 1.7, and 
2.0 mm 

a b

  Fig. 10.1    Turbo-Elite ( a ) and Turbo-Tandem ( b ) laser guidecatheter       
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excimer laser-assisted recanalization procedures [ 8 ]. While 
many of the patients in this study had signifi cant risk factors 
contributing to advanced PAD (76 % smokers, 31 % diabetes, 
mean occlusion length of 19.4 cm, 24 % with one vessel 
 runoff), the majority did not have CLI (7 % of patients were 
Rutherford category 4–6). In this population primarily of clau-
dicants, the technical success rate of laser-assisted angio-
plasty was 91 %, with provisional stenting in only 7 % of cases. 
Given the presence of very long occlusions, a primary 
patency of 34 % was not surprising; however with careful sur-
veillance and early reintervention, 1-year primary assisted 
 (re-intervention for restenosis) and secondary patency 
 (re-intervention for reocclusion) rates for long SFA occlusions 
were 65 % and 75 %, respectively. Immediately post- procedure, 
the majority of patients had signifi cant symptomatic improve-
ment: 69 % of patients were asymptomatic post-intervention, 
with a remaining 25 % had mild to moderate claudication only. 
The authors reported low procedural complication rates con-
sisting of acute reocclusion (1 %), perforation (2.2 %) and 
embolization/distal thrombosis (3.9 %). At 1 year, the limb sal-
vage rate (LSR) and amputation free survival (AFS) was 100 % 
[ 8 ]. Although only a small percentage of patients in this initial 
cohort had CLI, this study provided technical proof of concept 
that laser  atherectomy could be an effective therapy for long 
SFA occlusions. 

 In a separate prospective randomized study with similar 
patient characteristics (i.e., primarily claudicants and long 
SFA lesions) comparing PTA to laser-assisted PTA, proce-
dural success was high (91 % PTA vs. 85 % laser-assisted 
PTA) and complication rates were comparable [ 9 ,  10 ]. There 
was a greater use of self-expanding nitinol stents in the PTA 
group (59 %) vs. the laser-assisted PTA group (42 %). At 
12 months, the patency rates and functional status were simi-
lar between the two groups [ 9 ]. 

 In both of the above studies, procedural success rates were 
high, complications rates were low, and signifi cant clinical 
improvement was demonstrated during follow-up in patients 
with claudication. Collectively, these investigations also pro-
vided evidence suggesting a reduced need for stenting after 
laser-assisted angioplasty, with similar rates of restenosis 
when compared to PTA alone. These studies were also the 
fi rst to demonstrate reduced distal embolization rates when 
using laser assisted PTA when compared to PTA alone, with 
the former approach having a slightly increased risk of minor 
vessel perforation. In the majority of cases, minor vessel per-
foration can be treated with prolonged balloon dilatation with 
virtually no long-term clinical sequelae. In comparison, treat-
ment of distal embolization represents a greater challenge 
with potentially greater long-term consequences. 

 Table  10.2  compares the initial studies of PTA and laser- 
assisted PTA vs. a more contemporary study evaluating PTA 
alone in SFA occlusions for patients with claudication [ 11 ]. When 
compared to the initial laser-assisted angioplasty data for claudi-
cants, the more contemporary PTA study appears to demonstrate 
superior 1-year patency rates; however, a greater percentage of 
patients were also treated with adjunctive stent placement. 

 The above studies highlighted the safety and 1-year effi cacy 
of laser-assisted angioplasty for endovascular treatment of 
patients primarily with claudication. The fi rst prospective eval-
uation of laser-assisted endovascular revascularization in 
patients with CLI was performed by Gray and colleagues in 25 
limbs (23 patients) [ 12 ]. In that study, the authors reported limb 
salvage rates after laser-assisted angioplasty with provisional 
stenting in initially inoperable patients (i.e.,  signifi cant cardiac 
comorbidities, absence of autologous venous conduits, or inad-
equate bypass targets for distal anastamosis) with Rutherford 5 
or 6 disease. Multi-level interventions (aorto-iliac, femoropop-
liteal, and infrapopliteal) were performed in nearly all patients, 

  Fig. 10.2    The “step by step” technique. The excimer laser catheter is used to penetrate the fi brous cap of the chronic total occlusion. The laser 
catheter and guidewire are advanced in tandem through the occlusion until access to the true lumen beyond the occlusion is achieved       

 

10 Laser Revascularization for Critical Limb Ischemia



144

with occlusions in 24 % of the limbs, occlusion and stenosis in 
60 % of limbs, and the remaining 16 % having stenosis without 
occlusion. The procedural success was 88 % with a mean of 3.1 
lesions treated per limb. Provisional stenting was performed in 
40 % of limbs. The authors reported a mean wound area reduc-
tion of 70 % at 3 months, which increased to 89 % at 6 months 
(Fig.  10.3 ). Owing to improved fl ow distal to revascularization 
sites, four patients became candidates for subsequent surgical 
revascularization. In successfully treated patients receiving 
adjuvant surgical revascularization, limb salvage was 90 % at 6 
months but only 69 % in those who were not candidates for 
surgical revascularization [ 12 ]. Although this was a small 
study, the authors demonstrated a successful multi-modality 
approach for the treatment of CLI with favorable outcomes. 
This study also provided reassuring initial results with laser-
assisted angioplasty for the treatment of CLI that led to the fi rst 
multicenter trial evaluating the effi cacy of excimer laser ther-
apy in CLI [ 13 ].

        The LACI Trial 

 The Laser Angioplasty for Critical Limb Ischemia (LACI) 
trial enrolled 145 patients (155 limbs) with CLI who were 
poor or non-surgical candidates [ 13 ]. In this multicenter trial 

spanning 14 sites, enrolled patients had a high prevalence of 
baseline comorbidities including hypertension (83 %), dia-
betes (66 %), active or former smoking (53 %), and ASA 
class 4 (46 %). All patients had CLI, with 71 % of patients 
having Rutherford class 5 or 6 disease. Chronic occlusions 
were present in 91 % of the 423 lesions treated (SFA 41 %, 
popliteal 15 %, infrapopliteal 41 %) with a mean treatment 
length of 16 cm for the overall cohort. Nearly all (96 %) of 
the patients underwent laser-assisted angioplasty with 45 % 
receiving provisional nitinol stenting. Overall procedural 
success was 85 % (Fig.  10.4 ) with few complication rates 
(4 % major dissection, 3 % acute thrombus formation, 3 % 
distal embolization, 2 % perforation).

   Despite challenging lesion characteristics, excellent sur-
vival and LSRs of 87 % and 92 %, respectively, were 
achieved at 6 months (Fig.  10.5 ). This study was also one of 
the fi rst to prospectively report a series of patients treated 
with the “step-by-step” laser technique for chronic occlu-
sions that could not be crossed successfully with a guide-
wire. A total of 26 lesions were encountered that could not 
crossed with standard guidewire and support catheter in an 
anterograde manner. Utilizing the “step-by-step” laser tech-
nique (Fig.  10.2 ), 88 % of these lesions were successfully 
crossed, thereby salvaging a procedure that would have oth-
erwise been unsuccessful. Hence, despite a failed guidewire 

   Table 10.2    Excimer laser for claudication   

 Series  Scheinert et al. [ 8 ]  Gray et al. [ 12 ]  Siracuse et al. [ 11 ] 

 Year published  2001  2002  2012 

 Treatment modality  Laser  Laser  PTA  PTA 

 Patients  318  101  88  105 

 Mean age (years)  64  66  65  69 

 % Male  65 %  75  77  63 % 

 Occlusion length (cm)  19.4  20.2  20.8 

 Anatomic segment  SFA  SFA  SFA  SFA 

  Acute procedural results  

 Procedural success  91 %  85 %  91 %  100 

 Stent implanted  7 %  42 %  59 %  57 % 

  Procedural complications  

 Death  0  0  0  0 

 Amputation  0  0  0  NR 

 Surgical intervention  0  1 (0.9 %)  0  NR 

 Acute reocclusion  4 (1.3 %)  1 (0.9 %)  0  0 

 Perforation  9 (2.2 %)  9 (8.9 %)  3 (3.4 %)  NR 

 Embolization  16 (3.9 %)  2 (2.0 %)  7 (8.0 %)  NR 

  6 month results  

 Primary patency  82 %  NR  NR  80 % 

 Survival  100 %  NR  NR  100 % 

  12 month results  

 Primary patency  34 %  49 %  59 %  70 % 

 Survival  100 %  100 %  100 %  95 % 

  Modifi ed from Laird et al. [ 9 ]  
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crossing in 8 % of the cases, laser treatment was delivered to 
99 % of the cases with adjunctive PTA performed success-
fully in 96 % of the cases and a straight-line fl ow established 
in 89 % of the cohort. Overall in-hospital and 6-month fol-
lowup adverse events rates were low (Table  10.3 ).

    The LACI trial demonstrated feasibility, safety, and high 
limb salvage and survival rates of laser-assisted PTA in a 
highly morbid patient population unsuitable for surgical 
revascularization. The subsequent LACI Belgium study con-
fi rmed these fi nings in a similar patient cohort and using 
similar study design, and follow-up [ 14 ]. Despite the treat-
ment of a high-risk cohort not suitable for surgical revascu-
larization, the LACI investigations showed applicability of 
laser-assisted angioplasty in a safe and effi cacious manner 
with minimal peri-procedural risk. 

 Multiple smaller studies published since the LACI trial 
have evaluated the role of laser-assisted PTA for the treatment 
of CLI (Table  10.3 ). Most of these reports are based on retro-
spective personal and institutional criteria rather than a 
 prospective trial. One retrospective study of 40 patients at 
high-surgical risk reported disappointing one-year patency 
and limb salvage results with laser-assisted angioplasty [ 15 ]. 
The results of this study are a signifi cant outlier when com-
pared to other laser assisted angioplasty studies [ 16 – 18 ]. The 
authors noted that the studied cohort [ 16 ] included patients 
with many high-risk comorbidities (i.e., DM and ESRD) that 
may have contributed to the higher rate of adverse outcomes. 
Owing to the higher adverse event rates in this study, operator 

experience and an initial learning curve with the system may 
also have been a contributor to the lower patency, lower limb 
salvage rates, and higher adverse event rates [ 16 ].  

    Laser Atherectomy with Balloon Angioplasty 
Versus Balloon Angioplasty Alone for De Novo 
Stenosis 

 The only prospective study comparing laser-assisted angio-
plasty (n = 42) to PTA (n = 38) alone was recently published 
with a non-randomized and non-blinded design [ 18 ]. This 
small investigation enrolled CLI patients solely (100 %) with 
a high proportion of diabetics with chronic occlusions and 
long diseased infrapopliteal segments. Laser-assisted angio-
plasty demonstrated superior 3-year patency and, more 
importantly, AFS rates when compared to PTA alone. In the 
PTA cohort, AFS (89 %) was signifi cantly better than patency 
rates (55 %) at 3-year follow-up with a re-intervention rate of 
36 %. The authors of this study [ 18 ] published follow-up 
data of 3 years and noted superior patency results in patients 
receiving laser atherectomy for infrapopliteal CLI versus 
PTA. The PTA group had patency rates of 55 % at 3 years but 
amputation free survival of 89 % highlighting the notion that 
patency is required for adequate tissue healing alone and that 
long-term patency may not be important once the affected 
tissue has healed. However, the authors also note that the 
AFS in the PTA cohort was achieved with a re-intervention 

a b

  Fig. 10.3    ( a ) Ischemic forefoot pre-intervention. ( b ) Three months post laser assisted angioplasty, the forefoot has completely healed (Reproduced 
from Gray et al. [ 12 ])       
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rate of 36 %. In the laser atherectomy group, patency rates 
were quite impressive (83 %) at 3 years. While the follow-up 
time periods are different, the patency rates in this investiga-
tion mirrored those seen in the earlier laser studies [ 13 ,  14 , 
 16 ]. More interesting is that these patency rates were 
achieved with very low re-intervention rates (5 %) and 
achieved statistically signifi cant higher AFS (95 %) when 
compared to PTA (89 %) alone for infrapopliteal CLI. This is 
the fi rst study with laser atherectomy study was associated 
with superior patency rates and amputation free survival with 
a signifi cant follow-up period (3 years) when compared to 
PTA alone [ 18 ].  

    Laser Atherectomy in Diabetic Patients 
with CLI 

 Patients with CLI often have concomitant diabetes. Patients 
with diabetes are more likely to have infrapopliteal arterial 
occlusive disease, and patients with diabetes additionally 
have higher rates of restenosis and target lesion failure after 
endovascular intervention. As a result, patients with CLI and 
diabetes may have as much as a tenfold increase in the risk of 
amputation [ 2 ]. In a small study (51 lesions) of diabetics 
with CLI and occlusive arterial disease, treatment with laser 
and adjunctive PTA (64 %) and/or stenting (25 %) yielded 

a

b

  Fig. 10.4    Panel ( a ) 
representative angiography of 
a chronically occluded 
proximal SFA. The occlusion 
extends from the proximal to 
the distal SFA. The vessel 
reconstitutes at the level of the 
proximal popliteal artery. 
Panel ( b ) after laser assisted 
angioplasty, there is full 
recanalization of the 
previously occluded SFA in 
its entirety (Reproduced from 
Laird et al. [ 13 ])       
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2-year patency rates of 83 % with LSR of 94 % with only a 
6 % need for re-intervention[ 16 ]. Unlike the LACI cohort, all 
of these patients had a much more favorable overall risk fac-
tor profi le and were pre-selected for an endovascular strat-
egy. Hence, the lower degree of co-morbidities along with 
the single center nature of the study may partly explain better 
patency and limb salvage rates when compared to 
LACI. Overall, nearly all published studies evaluating laser 
debulking therapy have had a substantial (at least 50 % or 
more) proportion of diabetics (Table  10.4 ). However, this 

study [ 16 ] included the lowest rate of adjunctive stenting 
(only 25 %) and still reported favorable outcomes. Because 
diabetic patients are more likely to develop restenosis, laser 
atherectomy may provide some promise in obtaining greater 
luminal gain during the initial intervention, thereby lowering 
the likelihood of symptomatic restenosis. Whether this theo-
retical benefi t of laser atherectomy in diabetic patients with 
CLI translates into improved clinical outcomes remains 
uncertain.

       Laser Atherectomy for Treatment of In-Stent 
Restenosis in Patients with CLI 

 In-stent restenosis (ISR) is a frequent clinical problem 
encountered in the endovascular management of patients 
with CLI [ 19 ]. Laser atherectomy may offer advantages for 
the treatment of ISR, including signifi cant debulking of 
neointima. Covered stent grafts may also have addi-
tional benefi t by excluding the neointima within a 
PTFE (Polytetrafl uoroethylene)-covered stent graft. The 
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  Fig. 10.5    Patient survival 
( a ) and limb salvage rates 
( b ) at 6 month followup 
(Reproduced from Laird 
et al. [ 13 ])       

    Table 10.3    Adverse event rates from the LACI trial [ 13 ]   

 Event  In hospital  6 months followup 

 Death any cause  0 (0 %)  15 (10 %) 

 Nonfatal MI or stroke  0 (0 %)  2 (1 %) 

 Acute limb ischemia  0 (0 %)  1 (1 %) 

 Hemataoma with surgery  1 (1 %)  0 (0 %) 

 Major amputation  2 (1 %)  9 (6 %) 

 Bypass Surgery  0 (0 %)  3 (2 %) 

 Endarterectomy  0 (0 %)  1 (1 %) 

 

10 Laser Revascularization for Critical Limb Ischemia



148

SALVAGE [ 17 ] trial evaluated 27 patients, all of whom 
received heparin- coated VIABAHN® covered stent grafts 
after laser-assisted angioplasty. All patients received treat-
ment for femoropopliteal in-stent restenosis in setting of 
claudication (26 %) or CLI (74 %). The 1-year patency 
rates were disappointing at 48 %, with a high (17 %) re-
intervention requirement. Despite these fi ndings, all 
patients had substantial clinical improvement at 1-year 
follow-up. In the SALVAGE study, the reduced patency 
rates were felt to be secondary to edge stent restenosis, 
rather than luminal narrowing. These results emphasize the 
important of stent sizing when using covered stent grafts, 
as an oversized stent is more likely to develop edge resteno-
sis. While laser atherectomy did not change the incidence 
of restenosis when using a covered stent graft, the superior 
debulking obtained with laser atherectomy of neointimal 
hyperplasia prior to covered stent graft placement likely 
improves the cross sectional area of the stented lumen, 
thereby limiting restenosis within the stented region. It 
remains to be determined whether combination of laser 
atherectomy with a covered stent graft offers additional 
clinical benefi t. 

 Two recent studies have examined use of laser atherec-
tomy plus balloon angioplasty for treatment of bare metal 
stent ISR. The PATENT (Photo-Ablation using the 
TURBO- Booster® and Excimer Laser for In-Stent 
Restenosis Treatment) trial enrolled 90 patients at two sites 
in Germany who had symptomatic Rutherford Class 1–5 
disease due to femoropopliteal ISR [ 20 ]. At 6 and 12 
months, the freedom from target lesion revascularization 
was 88 % and 64 %, respectively. Although this was a reg-
istry study, these results are signifi cantly improved com-
pared to historical controls of patients with 
femoropopliteal-ISR [ 21 ]. The EXCITE ISR (EXCImer 
Laser Randomized Controlled Study for Treatment of 
FemoropopliTEal In-Stent Restenosis) randomized trial 
was a study of Turbo Tandem® laser atherectomy with PTA 
versus PTA only for the treatment of femoropopliteal ISR 
of bare nitinol stents [ 22 ]. The inclusion criteria consist of 
patients with Rutherford class 1–4 symptoms, femoropop-
liteal ISR of a 5.0–7.0 mm vessel, and a lesion stenosis of 
≥50 % and ≥40 mm in length. Patients were randomized in 
a 2:1 fashion to laser-assisted PTA vs. PTA alone. The pri-
mary outcome is target lesion revascularization at 6 months, 

   Table 10.4    Outcomes of LACI and other laser-assisted angioplasty trials in patients with CLI   

 LACI [ 13 ]  LACI 
Belgium [ 14 ] 

 Stoner et al. 
[ 15 ] 

 Serrino et al. [ 16 ]  SALVAGE 
[ 17 ] 

 Sultan et al. [ 18 ] 

 Laser  PTA 

 Study time period  2000–2001  2003  2004–2006  2007–2009  2008–2009  2005–2010 

 Patients/limbs  145/155  48/51  40/47  35/51  27/NR  42/44  38/40 

 CLI (%)  100 %  100 %  65 %  100 %  74 %  100 %  100 % 

 Diabetes  66 %  47 %  55 %  100 %  59 %  82 %  77 % 

 Patient selection  All poor 
surgical 
candidates 

 All poor 
surgical 
candidates 

 Selected for 
EVI 

 Selected for EVI  Selected for 
EVI 

 Selected for EVI  Selected for EVI 

 TASC D or 
chronic occlusions 

 91 %  NR  41 % 
FP/69 % IP 

 100 %  81 %  100 %  100 % 

 Total treated length  16.2  NR  4–23 cm  21 cm  16  17 % 

 Lesion/limb  2.7  NR  NR  1.5  NR  1.95  2 

 Lesion location  Multilevel  Multilevel  Multilevel  Multilevel  Fem-pop  Infrapopliteal  Infrapopliteal 

 Primary treatment  Laser  Laser  Laser  Laser  Laser  Laser  PTA 

 Adjuvent treatment 
type (%) 

 PTA (96 %)  PTA (80 %)  PTA (75 %)  PTA (64 %)  PTA (100 %) 

 Adjuvent treatment 
type (%) 

 Stenting 
(45 %) 

 Stent 
(53 %) 

 Stent (13 %)  Stent (25 %)  Stent Graft 
(100 %) 

 Stent (30 %)  Stent (36 %) 

 Procedural success  85 %  NR  88 %  88 %  100 %  81 %  74 % 

 Followup duration  6 months  6 months  12 months  12/24 months  12 months  3 year  3 year 

 Primary patency  83 %  76 %  44 %  97 %/83 %  48 %  83 %  55 % a  

 Reintervention (%)  15 %  4 %  NR  6 %  17 %  5 %  36 % 

 Bypass (n)  2 %  2 %  NR  1  2  4 

 Survival (%)  92 %  87 %  NR  100 %  95 % b   89 % a, b  

 Limb salvage rate 
(%) 

 87 %  90 %  55 %  100 %/94 %  NR  96 %  91 % 

   EVI  endovascular intervention 
  a p < 0.05 vs laser 
  b Amputation free survival  
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as well as major adverse events within the fi rst 30 days 
post-procedure. The total enrollment goal was 318 patients; 
however, the study was terminated early at 250 patients due 
to early effi cacy demonstrated in a prespecifi ed interim 
analysis. The authors noted a signifi cant improved TLR in 
the laser assisted PTA versus PTA alone (74 % versus 52 %, 
P < 0.005) at 6 months. Additionally, laser assisted PTA was 
associated with a 52 % reduction in TLR (HR 0.48; 95 % 
CI 0.31–0.74). A more formal analysis and publication of a 
concurrent chronic occlusion registry Although the major-
ity of patients enrolled in this study had symptomatic clau-
dication rather than CLI, the results of this study should 
also be applicable to treatment of threatened limbs due to 
femoropopliteal ISR. 

 The advantages and disadvantages of drug eluting stents 
to maintain patency in the coronary circulation have been 
well established. However, the benefi t of deploying drug 
eluting stents to vessels of the lower extremities remains to 
be confi rmed [ 23 ,  24 ]. However, the use of drug-coated 
balloons is a relatively new and promising strategy to 
inhibit vascular smooth muscle proliferation after local 
delivery of anti-neoplastic drug (e.g., paclitaxel) combined 
with PTA for lower extremity occlusive arterial disease 
[ 25 ]. Laser atherectomy may have additional benefi t when 
combined with drug-coated balloon angioplasty for the 
treatment of femoropopliteal- ISR. An initial study of ten 
patients (fi ve with CLI) with symptomatic femoropopli-
teal-ISR reported that combination of laser atherectomy 
with paclitaxel-coated balloon angioplasty resulted in ves-
sel patency in seven of ten patients at 7 months [ 26 ,  27 ]. At 
a recently reported mean follow-up of 16 months, fi ve of 
those patients were recently reported to have no evidence 
of recurrent restenosis [ 27 ]. In another recently published 
study, Gandini et al. reported a randomized trial of 48 
patients with CLI due to stent occlusion from FP-ISR who 
were randomized to laser atherectomy and drug coated 
balloon angioplasty vs. drug coated balloon angioplasty 
alone [ 28 ]. The authors reported a 12 month target lesion 
revascularization rate of 16.7 % for laser atherectomy and 
drug-coated balloons, versus 50 % for the patients ran-
domized to drug-coated balloons only. Importantly, the 
rates of major amputation were also signifi cantly lower in 
the laser and drug-coated balloons (8 %) vs. drug-coated 
balloons only group (46 %). If these results are replicated 
in a larger randomized study, the combination of laser 
atherectomy and drug coated balloon angioplasty may 
emerge as a particularly promising therapy for the treat-
ment of femoropopliteal-ISR. The ongoing PHOTOPAC 
(Photoablative Atherectomy Followed by a Paclitaxel- 
Coated Balloon to Inhibit Restenosis in Instent Femoro- 
popliteal Obstructions) randomized study, which is 
enrolling up to 50 patients at four sites in Europe, will fur-
ther assess this question [ 29 ].   

    Sample Case 1: Superfi cial Femoral Artery 
In-Stent Restenosis 

    History 

 An 84 year old male with a long standing history of coronary 
artery disease and chronic renal insuffi ciency was originally 
referred for peripheral angiography due to progressive criti-
cal limb ischemia (Rutherford 4) of the left leg. Non-invasive 
vascular testing demonstrated an ankle brachial index of 0.33 
of the left lower extremity. Duplex ultrasonography indi-
cated left superfi cial femoral artery occlusion. Diagnostic 
angiography confi rmed a chronic occlusion of the proximal 
SFA with under-fi lled and diffusely diseased distal vascula-
ture. Percutaneous revascularization was undertaken with 
Viabahn Stent Grafts resulting in successful recanalization 
of the left SFA and popliteal artery. Approximately 2 years 
after treatment with stent, the patient was seen for routine 
follow-up and noted to have progressive left lower extremity 
ulceration and rest pain. Follow-up angiography (Fig.  10.6 ) 
demonstrated occluded Viabahn stent grafts with the popli-
teal artery reconstituted via collaterals.

       Procedure 

 The chronic occlusion was successfully crossed with a 0.014″ 
PT Graphix (Boston Scientifi c, Natick MA) hydrophilic wire 
and navigated into an infrapopliteal artery. Next a 2 mm Turbo 
Elite catheter (Spectranetics Corporation, Colorado Springs 
CO) was advanced and laser atherectomy was performed of the 
occluded segment using previously described techniques. This 
created a channel allowing for straight-line fl ow down into the 
popliteal artery (Fig.  10.7 ). Next prolonged balloon angioplasty 
was performed successively starting from the distal occlusion to 
the proximal SFA. Final angiography demonstrated brisk fl ow 
down the entire left lower extremity (Fig.  10.8 ).

         Sample Case 2: Treatment of Infrapopliteal 
Occlusive Disease with Laser Atherectomy 

    History 

 A 67 year old male with diabetes and known infrapopliteal 
peripheral arterial occlusive disease is referred for 6 months 
of non-healing lower extremity ulcerations (Rutherford 
Stage 6). Prior attempts at lower extremity revascularization 
with balloon angioplasty by the referring institution were 
unsuccessful. A diagnostic angiogram demonstrated patent 
common femoral, SFA, and popliteal arteries. However, all 
three infrapopliteal arteries are occluded with the distal foot 
vascular reconstituted via collaterals (Fig.  10.9 ).
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  Fig. 10.6    Sample Case 1. Left lower cineangiography demonstrates an 
occluded previously placed Viabahn Stent Grafts used to treat de-novo 
femoropopliteal disease in a patient with CLI. The occlusion begins in 

the proximal SFA ( left panel ). The popliteal artery reconstitutes via col-
laterals ( right panel ). Also noted is an area of focal stenosis at the distal 
popliteal artery       

  Fig. 10.7    Sample Case 1. 
Debulking with laser 
atherectomy is performed to 
establish a straight line of 
fl ow down to the lower 
extremities       
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       Procedure 

 The peroneal artery was successfully crossed with the 
assistance of a TruePath Occlusion Device (Boston 
Scientifi c, Natick MA). After removal of the Occlusion 
Device, laser atherectomy was performed with a 0.9 mm 
Turbo Elite laser atherectomy device (Spectranetics 
Corporation, Colorado Springs CO). Multiple passes were 
made through the chronic occlusion and into the distal ves-
sel. After a successful straight line of fl ow was established, 
successive balloon angioplasty was performed to the entire 
length of the peroneal artery (Fig.  10.10 ). The chronic 
occlusion of the anterior tibial artery was crossed using a 
hydrophilic 0.014″ guidewire followed by laser atherec-
tomy and balloon angioplasty. Final angiography 
(Fig.  10.11 ) revealed minimal residual stenosis with two-
vessel runoff to the lower extremity.

         Conclusion 

 The fundamental benefi t of laser atherectomy lies in its 
ability to evaporate and debulk tissue without substantially 
increasing the risk of complications such as distal emboli-
zation or vessel perforation. The current generation of 
laser atherectomy devices allow for treatment of the most 
severe forms of PAD with excellent short- and long-term 
outcomes for both claudication and CLI. Laser debulking 
systems are also a viable option for chronic occlusions that 
cannot otherwise be successfully crossed in an antero-
grade manner by utilizing the “step by step” approach. 
With the current technology and evidence available to 
date, excimer laser has a role in endovascular therapy as an 
option for patients at high surgical risk, either as defi nitive 
treatment of appropriately selected lesions or as an adjunc-
tive therapy for debulking lesions. Laser atherectomy 
should be considered part of the standard armamentarium 
for a successful endovascular revascularization strategy.     

  Fig. 10.8    Sample Case 1. 
Prolonged adjunctive balloon 
angioplasty is performed after 
debulking with laser 
atherectomy. Angiography 
demonstrates reconstituted 
Viabahn stent grafts. The 
distal popliteal artery stenosis 
was also treated with 
prolonged balloon angioplasty       
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  Fig. 10.9    Sample Case 2. Widely patent femoropopliteal system feeding diffusely diseased infrapopliteal vasculature. All the three major infrap-
opliteal vessels are chronically occluded with the ankle vessels fi lling via collaterals       

 

G.D. Singh et al.



153

  Fig. 10.10    Sample Case 2. After treatment with laser atherectomy and adjunctive balloon angioplasty to the peroneal artery, fl ow is re-established 
to the foot       
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      Treatment of Subacute and Chronic 
Thrombotic Occlusions of the Lower 
Extremity Peripheral Arteries: The Role 
of Excimer Laser       

     Nicolas     W.     Shammas     

            Prevalence of Thrombotic Lesions 
in Peripheral Arterial Disease 

 Thrombotic lesions are highly prevalent in patients with 
peripheral arterial disease (PAD) particularly those with 
occlusive disease [ 1 – 4 ]. PAD is associated with thrombo-
genic conditions including diabetes, smoking and coexistent 
cardiovascular disease [ 5 – 9 ]. Furthermore, stenotic lesions, 
restenotic or denovo, disrupt laminar fl ow predisposing to 
thrombus formation. Finally, a higher infl ammatory state is 
present in patients with PAD. Rossi et al. [ 10 ] have shown 
that patients with PAD display a high baseline infl ammatory 
state comparable to patients with unstable angina. Similarly, 
patients with critical limb ischemia (CLI) have a higher base-
line fi brinogen, high sensitivity-C reactive protein (hs-CRP) 
and von Willebrand factors than claudicants [ 11 ]. In addition 
to baseline heightened infl ammation, infl ammatory markers 
rise signifi cantly after peripheral arterial interventions 
(Fig.  11.1 ) [ 12 – 16 ]. Thrombosis and infl ammation are 
strongly linked [ 17 ] and quite often coexists as seen in 
patients with PAD.

   The presence of thrombus, however, is highly underesti-
mated with angiography alone. Studies have shown the dis-
crepancy between the actual presence of intra-arterial 
thrombus using intravascular ultrasound and its visualization 
on angiography. Using intravascular ultrasound (IVUS), 
thrombus was present in the majority of patients with symp-
tom onset less than 6 months and a totally occluded culprit 
vessel [ 2 ]. In the Dethrombosis of the Lower Extremity 
Arteries Using the Power-Pulse Spray (P-PS) Technique in 
Patients with Recent Onset Thrombotic Occlusions 

(DETHROMBOSIS) registry [ 2 ], the majority of patients 
(94.1 %) had a defi nite thrombus identifi ed by IVUS whereas 
angiography revealed only 11.8 % of patients with a defi nite 
grade 3 thrombus and 29.4 % of patients with a grade 1 
thrombus (modifi ed TIMI scale) at baseline. Furthermore, 
patients with critical limb ischemia are likely to have more 
thrombotic lesions than claudicants likely because of higher 
prevalence of total occlusions. In the limb salvage following 
laser-assisted angioplasty for critical limb ischemia (LACI) 
prospective multicenter registry, total occlusions were pres-
ent in 92 % of limbs [ 18 ]. 

 The presence of intravascular thrombus is likely to 
increase the rate of distal embolization, reocclusion after 
revascularization, contrast use, radiation exposure and intra-
procedural complications [ 2 ,  19 – 23 ]. Intravascular thrombus 
also prolongs procedure time (Fig.  11.2 ) [ 24 ]. Treatment of 
thrombus with balloon angioplasty alone or stenting carries a 
higher risk of distal embolization and reocclusion [ 22 ,  23 , 
 25 ,  26 ].
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       Non Excimer Laser Therapy of Subacute 
and Chronic Thrombotic Lesions 

 Subacute and chronic thrombi are harder to treat with aspira-
tion embolectomy alone without added lytic treatment. The 
use of 6 F or 7 F aspiration catheters is rarely effective given 
the larger size of the thrombotic lesions relative to the effec-
tive lumen size of the catheters [ 27 ]. Also, these thrombotic 
lesions tend to strongly adhere to the vessel wall making 
aspiration embolectomy ineffective. 

 Following delivery of lytic therapy via the power pulse 
spray (PP-S) technique [ 2 ] or porous balloon infusion [ 4 ] 
directly into the thrombotic lesion, only a partial resolution 
of the organized thrombus was seen when followed with 
angiojet rheolytic thrombectomy (RT) (Boston Scientifi c, 
Maple Grove, MN, USA). 

 The use of intravenous glycoprotein IIb/IIIa receptor 
antagonists alone is unlikely to be effective in treating the 
organized thrombus although it may reduce the incidence of 
slow fl ow and distal embolization during peripheral inter-
vention [ 28 ,  29 ]. Furthermore, the use of continuous 8–48 h 
catheter-directed thrombolysis (CDT) is likely to be partially 
effective in reducing thrombus burden [ 30 – 32 ] but at a con-
siderable price including prolonged hospital stay, increase 
risk of bleeding, distal embolization and the need for repeti-
tive visit to the angiography suite during the same hospital 
stay. Both CDT and surgery continued to have high amputa-
tion and mortality rates in the acute-subacute patient popula-
tion [ 33 ,  34 ]. More data on ultrasound-assisted lysis [ 35 ] in 
treating these lesions is still lacking. 

 Organized thrombus coexists with relatively new, fresh 
thrombus, the latter generally responds to lytic treatment 
and/or aspiration methods. However, the more organized 
thrombus is unlikely to respond to the above described meth-
ods because of its cellular nature. As thrombus ages (beyond 
5 days), there is an in-growth of smooth muscle cells with or 
without connective tissue and the development of intra- 
thrombus capillary vessels [ 36 ]. 

 Mechanical approaches as a stand-alone therapy without 
lytic treatment have been attempted to shorten procedure 
time and reduce bleeding complications [ 37 ]. Data in sub-
acute and chronic thrombotic lesions is however still 
lacking.  

    Excimer Laser in Treating Subacute 
and Chronic Thrombotic Occlusions 
in Peripheral Arterial Interventions 

 Thrombus displays a strong optical absorption in the ultra-
violet, visible and mid-infrared wavelengths making it a 
clear target for laser treatment with distinct advantages 
(Table  11.1 ). Laser dissolves thrombus by emitting energy 
that initiates photomechanical, photochemical and photo-
thermal transformation within the plaque-thrombus [ 38 ]. 
The xenon-hydrogen chloride excimer laser (ultraviolet 
spectrum) (Spectranetics, Colorado Springs, CO) is now 
widely used in the treatment of atherosclerotic-thrombotic 
disease. Emitting light at a wavelength of 308 nm and in dis-
crete pulses, excimer laser creates a high pressure within the 
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targeted plaque and gas bubble formation that subsequently 
lead to non thermal ablation of the plaque and thrombus [ 38 ]. 
In addition to its photoablative therapy, excimer laser also 
suppresses platelet aggregation which reduces the chance of 
thrombus formation and enhances chemical lysis. Topaz 
et al. [ 39 ] investigated the effect of excimer laser on plate-
lets. Blood samples were exposed to increased levels (0, 30, 
45, 60 mJ/mm 2 ; 25 Hz) of excimer laser fl uence and then 
tested for ADP and collagen induced platelet aggregation, 
platelet concentration, and platelet contractile force develop-
ment. Dose dependent suppression of platelet and collagen- 
induced aggregation was seen with the laser. Platelet 
contractile force declined with higher laser energy indicating 
a progressive platelet stunning. The most pronounced 
response on the platelet was obtained at higher energy levels 
of 60 mJ/mm 2 . Whether this fl uence level represents an opti-
mal threshold to treat subacute and chronic thrombotic 
lesions because of its most pronounced antiplatelet effect 
remains unclear.

   Excimer laser has been shown to ablate thrombus in 
patients with acute coronary syndrome including acute myo-
cardial infarction and improves fl ow in the infarct- related 
artery [ 40 ,  41 ]. In a single-center retrospective analysis by 
Shishikura et al. [ 42 ] in consecutive acute coronary patients 
treated with excimer laser (n = 50) and age- and sex-matched 
to patients treated with manual aspiration (n = 48) crossing 
the lesions was higher in the laser group (96.2 % vs. 82.6 %, 
P = 0.04). Also the laser group had higher thrombolysis in 
myocardial infarction (TIMI) 3 fl ow (86.0 % vs. 68.8 %, 
P = 0.04) and myocardial blush grade 3 (76.0 % vs. 54.2 %, 
P = 0.02) than the aspiration group. Major adverse events 
were reported more in the aspiration group. Topaz and col-
leagues [ 43 ] also evaluated the role of excimer laser in 
patients presenting for urgent revascularization with estab-
lished Q-wave myocardial infarction (QI) versus those with 

non-STEMI in 151 patients with continuous chest pain and 
ischemia presenting within 24 h of symptom onset. 
Quantitative coronary arteriography was performed by an 
independent core laboratory. Among the QI patients, the 
larger the thrombus burden, the higher acute gain was 
recorded with the laser. Baseline TIMI fl ow grade (0.9 for QI 
vs 1.5 for NSTEMI) increased with laser and reached a fi nal 
level of TIMI 3 in both groups. A high procedural success 
rate was seen in both groups with low complication rates. 
This study illustrates that lasing thrombus is effective result-
ing in larger acute minimal luminal gain with heavy throm-
bus burden typically seen in PAD patients. 

 Excimer laser has also been applied in treating deep 
venous chronic thrombotic occlusions of the lower extremi-
ties and acute and subacute thrombotic occlusions of hemo-
dialysis shunts with good results [ 44 ]. Dahm et al. [ 58 ] 
reported their fi ndings on 21 patients with a thrombotic 
occlusion of their hemodilaysis shunt with a mean occlusion 
time of 4.1 days. All patients were treated initially with 
excimer laser with 85.7 % of them receiving adjunctive 
thrombolysis for residual thrombus. Excimer laser reduced 
the occlusion from 100 to 63 %. Following lytic treatment, 
residual stenosis averaged 36 %. TIMI fl ow increased sig-
nifi cantly from grade 0–2.7 after laser ablation and to 3.0 
after adjunctive treatment. Procedural success was 95.2 %. 
Primary patency was 85 %. At 6-week follow up, all success-
fully treated shunts were used for dialysis. 

 Excimer laser is more likely to be used in more complex 
and longer lesions than other forms of atherectomy [ 45 ]. 
When operators’ preferences were analyzed in treating reste-
notic femoropopliteal lesions with SilverHawk atherectomy 
versus excimer laser, the latter was applied more frequently 
in longer lesions, TASC D lesions, total occlusions and 
thrombotic lesions and with less distal embolization 
(Fig.  11.3 ). This is likely because the use of excimer laser is 
user-friendly and effective in treating total occlusions and 
does not require the frequent removal and reinsertion of the 
device.

   Shammas et al. [ 46 ] reported their experience with 
excimer laser in treating patients with subacute (n = 12; 
>24 h, <30 days), and chronic (n = 8; between 1 and 6 
months) symptoms and totally occluded vessels. The author 
lasing technique is described in Table  11.2 . In this single 
center prospective registry, 20 consecutive patients were 
enrolled (8 males, mean age 69.5 ± 11.1 years). 15/20 (75 %) 
had restenotic occlusions. Intravascular ultrasound (IVUS) 
(Volcano, Rancho Cordova, CA) was performed at baseline 
after crossing the lesion and after laser treatment prior to 
adjunctive therapy. The laser Elite (2.3 mm (n = 4); 2.5 mm 
(n = 6)) and Tandem laser (2.5 mm (n = 10)) (Spectranetics, 
Colorado Springs, CO) were utilized. Lasing was performed 
at 0.5 mm per second with continuous saline fl ush. A total of 
4.9 ± 2.3 runs were performed per lesion using a fl uence of 

   Table 11.1    The use of laser in treating subacute and chronic throm-
botic lesions   

  Indications  

 Primary post wire crossing ablation of thrombotic lesions 
 Facilitate wire crossing of chronic total occlusions 
 Pre-lysis laser assisted treatment 
 Post-lysis residual lesion treatment 
 Treatment of distal embolic thrombotic lesions 
 Treatment of in-stent thrombotic occlusions 

  Advantages  

 Reduce thrombus burden 
 Reduce distal embolization burden 
 Suppresses platelet aggregation 
 Enhances chemical lysis 
 Ease of use with lesser need for multiple catheter exchanges 
 Reduces the need or time for lysis 
 Shorter procedure time than lysis 
 Reduces the need to return to the cath lab for repetitive angiography 
 Reduced risk of bleeding when compared to lysis 
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60 mJ/mm 2  and a repetition rate of 45 Hz. Spider Embolic 
Filter protection device (Covidien, Minneapolis, MN) was 
used at the discretion of the operator. Bail out stenting was 
performed for residual stenosis of more than 30 % after 
adjunctive balloon angioplasty. Procedural success was 
defi ned as the ability of the laser after adjunctive fi nal treat-
ment to reduce stenosis to <30 % in the treated vessel as 
qualitatively assessed by the operator and with no visible 
angiographic thrombus at the end of treatment.

   In this study, a typical high risk PAD population was seen. 
Patients had high prevalence of hyperlipidemia (70 %), 
smoking (85 %), diabetes (40 %) and prior peripheral inter-
ventions (85 %). Over half these patients had critical limb 
ischemia (Rutherford class IV and V). 95 % of segments 
treated were femoropopliteal. Embolic fi lter protection was 

used in 75 % of patients. Procedural success was 100 % with 
no deaths or amputations. There were no in-hospital or 
30-day reocclusions. A signifi cant reduction in residual angi-
ographic stenosis post laser alone (100 % vs. 66.75 ± 23.9 %, 
p = 0.001) was seen. Macrodebris were collected in 85.7 % of 
all fi lters but only one patient had a minor distal emboliza-
tion beyond the fi lter that did not require further 
intervention. 

 In the prospective, single-center, open-label Distal 
Embolic Event Protection Using Excimer Laser Ablation in 
Peripheral Vascular Interventions (DEEP EMBOLI) registry 
[ 23 ], excimer laser was applied in 20 patients under embolic 
fi lter protection. 28.6 % of patients had total occlusions. 
Visible thrombus was seen in 14.3 % of patients. Adjunctive 
angioplasty and stenting were performed in 96.4 % and 

a b

c d

  Fig. 11.3    Total occlusion of dis-
tal popliteal and anterior tibialis 
( white arrow ) ( a ) treated with 
excimer laser ( b ) with results 
after no adjunctive therapy ( c ) and 
post adjunctive therapy ( d )       
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60.7 % of lesions respectively. Procedural success was met 
in 100 % of patients. Although large macrodebris was found 
in 22.2 % of fi lter after excimer laser (Fig.  11.4 ), only 1/20 

(5 %) distal embolization occurred after fi lter removal and 
prior to completion of defi nitive treatment. No other adverse 
events were noted.

   Table 11.2    The author lasing technique using Excimer laser   

 Patient pretreated with clopidogrel (600 mg po load) and aspirin (325 mg po load) 

 6 F sheath is inserted in the contralateral common femoral artery under fl uoroscopic guidance 

 After placement of 0.034 inch Wholey wire (Covidien) in the contralateral leg, the sheath is exchanged with a 7 F Pinnacle Destination sheath 
(Terumo) 

 Parenteral anticoagulant administered (bivalirudin (the Medicines Co.) or less frequently unfractionated heparin) 

 Lesion is then crossed (with a 0.034 inch wire [angled glide or the Wholey wire] over a supporting catheter or an angioplasty balloon) 

 In total and/or long occlusions, 0.034 inch wire is then exchanged with a 0.014 inch wire and an embolic fi lter is deployed prior to lasing (we 
commonly use the Spider fi lter) 

 An appropriately sized Laser Elite catheter is then selected and advanced over the Spider fi lter wire or if the fi lter is not used, the catheter is 
advanced over a stiff, 0.014 inch non hydrophilic wire 

 Saline fl ush to remove contrast and blood is initiated through the laser catheter 

 The CVX-300 Excimer laser system is used and after calibration it is generally set at 60 mJ/mm 2  at 45 Hz 

 Laser catheter is then advanced very slowly at 0.5 mm/s 

 Typically lasing is repeated twice 

 Angiography is performed and if signifi cant residual is seen, we proceed with the use of the Turbo Tandem catheter and/or adjunctive balloon 
angioplasty with 90 s infl ation twice at lower pressure (enough to yield full balloon infl ation) 

 Stenting is avoided unless required for bail out 

 Filter is then removed and angiography is repeated including digital subtraction to the tibial vessels 

a b
  Fig. 11.4    Embolic fi lter fi lled 
with thrombus ( black arrow ) ( a ) 
after treating with excimer laser 
of total proximal occlusion. Flow 
normalized after retrieval of the 
fi lter ( b )       
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   In the multicenter prospective laser-assisted angioplasty 
for critical limb ischemia (LACI) trial [ 18 ], 145 patients with 
155 critically ischemic limbs were included. Diabetes was 
present in 66 % of patients. Occlusions were present in 92 % 
of limbs and median lesion length was 11 cm. Procedural suc-
cess was 86 %. On follow-up, limb salvage was achieved in 
92 % of surviving patients. Procedural complications occurred 
in 12 % of the limbs; major dissection in 4 %, acute thrombus 
formation in 3 %, distal embolization in 3 %, and perforation 
in 2 %. The authors noted that excimer laser effectively 
removed plaque-thrombus in these total occlusions reducing 
the rate of complications when compared to historic control 
with balloon angioplasty of complex lesions. Balloon angio-
plasty alone appears to have lower salvage rate, higher rate of 
distal embolization, perforation and acute vessel closure. 

 Scheinert et al. [ 47 ] reported data on 318 consecutive patients 
who underwent excimer laser of 411 superfi cial femoral arteries 
with total chronic occlusions. Lesion length was 19.4 ± 6.0 cm. 
Overall technical success was 90.5 %. There was no death, 
amputation or emergent surgical intervention. The primary 
patency at 1 year was 33.6 % with 1-year assisted primary and 
secondary patency rates of 65.1 % and 75.9 %, respectively. 
Complications included acute reocclusion (1.0 %), perforation 

(2.2 %), and distal thrombosis/embolization (3.9 %). 
Embolization consisted of plaque-thrombotic debris and the 
majority of patients (11/16) were successfully treated with 
mechanical recanalization and local thrombolysis with recom-
binant tissue plasminogen activator (10-mg bolus followed by 
1 mg/h infusion for 24 h) with resolution of thrombotic debris. 

 With the advent of the Turbo-Booster and recently the Turbo-
Tandem catheters, more effective laser photoablation can be 
accomplished. Directional lasing allows more plaque- thrombus 
removal and larger lumen above what can be obtained with the 
Turbo-Elite catheter. In the Excimer laser recanalization of femoro-
popliteal lesions and 1-year patency (CELLO) trial [ 48 ], the Turbo-
Booster was utilized in treating femoropopliteal lesions leading to 
100 % increase in minimal luminal area above initial treatment with 
the Turbo- Elite catheter (4.9–10.4 mm 2 ). In this study, total occlu-
sions were 20 % of treated lesions and thrombus was visualized in 
4.6 % of patients. Laser ablation reduced diameter stenosis from 
77 % at baseline to 34.7 %. Patency rates were 59 % and 54 % at 6 
and 12 months, respectively. There were no major adverse events. 

 Based on the above observational data, excimer laser 
appears to be an effective method in treating subacute and 
chronic total occlusions which typically have multilayered 
thrombus at various stages of organization. Figure  11.5  

Subacute/Chronic
presentation with total vessel

occlusion

Protocol Algorithm for the Treatment of Subacute (> 24 hours, < 1mo) and Chronic
(> 1 mo, < 6 mo) Thrombotic Vessel Occlusions using Excimer Laser

UFH = unfractionated heparin; IVUS = intravascular ultrasound, CDT = catheter directed thrombolysis,
tPA = tissue plasmingoen activator

Clopidogrel, aspirin

angiogram

Bivalirudin/UFH
cross with wire

Optional IVUS
assessment

Excimer laser to
occluded lesion under

embolic protection

Power Pulse Spray
tPA 10mg/50cc +

Angio jet embolectomy if laser
results suboptimal

definitive lesion treatment
with adjunctive therapy (balloon,

stent, other devices)

flow normal
no visible thrombus

residual < 30%

Yes

No

oral
antiplatelets

CDT with tPA (0.5
mg per hour) x 8-12

hrs

  Fig. 11.5    Proposed algorithm to 
treat subacute (>24 h, <1 month) 
and chronic (>1 month, 
<6 months) thrombotic 
occlusions using excimer laser as 
a fi rst line therapy with bailout 
use of power-pulse spray and 
catheter directed lysis with tPA as 
needed.  UFH  unfractionated 
heparin,  IVUS  intravascular 
ultrasound,  CDT  catheter directed 
thrombolysis,  tPA  tissue 
plasminogen activator       
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illustrates an algorithm that incorporates excimer laser in 
treating these lesions. Depending on the thrombus age, adjunc-
tive lytic treatment may be needed. This laser-facilitated lytic 
approach appears to be effective in subacute and chronic 
lesions if laser alone is insuffi cient to achieve optimal results.

       Distal Embolization in Treating Thrombotic 
Lesions 

 Irrespective of the device used in the periphery, the presence of 
thrombotic lesions is a high predictor of distal embolization. 
The use of embolic protection in peripheral interventions has 
gained signifi cant momentum [ 49 ,  50 ] and appears effective in 
capturing debris, large enough to interrupt tibial fl ow which 
may lead to signifi cant complications [ 51 – 53 ,  55 ]. 

 Although distal embolization is encountered less fre-
quently with excimer laser, this remains however a signifi cant 
problem in treating thrombotic lesions (Fig.  11.4 ). In the 
DEEP EMBOLI [ 23 ] prospective registry, excimer laser was 
associated with signifi cant distal embolization. In this study, 
moderately calcifi ed, ulcerated, long, or totally occluded 
lesions were included. Two fi lters were used per patient; one 
prior to excimer laser and the other prior to fi nal adjunctive 
balloon angioplasty and/or stenting. Macrodebris was found 
in 66.7 % of patients treated with the laser under fi lter protec-
tion; however, only 22.2 % of fi lters contained clinically sig-
nifi cant debris (>2 mm in longest axial length). Interestingly, 
adjunctive therapy with balloon angioplasty or stenting was 
also associated with macrodebris in 35.0 % of fi lters, of which 
20.0 % were clinically signifi cant debris. In another study of 
subacute and chronic thrombotic occlusions [ 46 ], embolic fi l-
ters were used in 15/20 (75 %) of patients treated with excimer 
laser. Macrodebris >2 mm were seen in 85.7 % of these fi lters 
supporting prior fi ndings that excimer laser in thrombotic 
lesions may embolize distally. Finally, using continuous dop-
pler monitoring, Lam et al. [ 52 ] reported the presence of dis-
tal embolization after angioplasty, stenting, SilverHawk 
atherectomy, and excimer laser therapy in the superfi cial 
femoral artery. The average number of embolic signals was 
12 for angioplasty, 28 for stenting, 49 for SilverHawk, and 51 
for laser, although sizes of these debris are unknown. 

 The mechanism of distal embolization with the laser 
remains undefi ned. One hypothesis is that mechanical manipu-
lation of thrombotic lesions with any catheter including the 
laser could dislodge the thrombus from the vessel wall. Also, 
limited data suggest the formation of irregular channels with 
large amount of tissue remnants following excimer laser treat-
ment that may become a risk factor for embolization of debris 
[ 54 ]. Even after laser ablation of these lesions, adjunctive treat-
ment with balloon angioplasty and stenting continues to con-
tribute to distal embolization [ 23 ]. When treating thrombotic 
lesions we have adopted the use of embolic fi lter protection to 
avoid signifi cant distal embolization and its consequences.  

    Bail Out Stenting with Excimer Laser 

 Excimer laser also appears to be associated with higher rate 
of stenting than is historically seen with other atherectomy 
devices (range 10–60 %) [ 18 ,  23 ,  46 – 48 ]. This may be 
related to a higher dissection rate possibly secondary to 
plaque bursting under buildup of very high intra-plaque pres-
sure and gas bubbles. Another hypothesis is that the rate of 
dissection can be proportional to the speed of lasing not 
allowing the gas bubble to always lead the tip of the lasing 
catheter. Inadequate fl ushing of the catheter from the con-
trast dye may also contribute to dissections and aggressive 
fl ushing of contrast is recommended during lasing. 

 In treating subacute and chronic thrombotic lesions, bail 
out stenting was performed in up to 50 % of patients for sub-
optimal results (>30 % residual) [ 46 ]. Also, in the LACI trial 
[ 18 ], stents were implanted in 45 % of limbs (61 % in the 
superfi cial femoral, 38 % popliteal, 16 % tibial). In addition, 
in the CELLO study [ 48 ] laser ablation followed by adjunc-
tive stenting was performed in 23.3 % of patients. 
Furthermore, Scheinert et al. [ 47 ] reported a 7.3 % of limbs 
treated for chronic superfi cial femoral artery occlusions with 
excimer laser to require stenting. Finally in the DEEP 
EMBOLI registry [ 23 ], adjunctive angioplasty and stenting 
were performed in 96.4 % and 60.7 % of lesions 
respectively. 

 This stenting rate with the laser was similar to historic 
controls with balloon angioplasty (provisional stenting 
ranged from 10 to 50 %). Bail out stenting, however was not 
a prespecifi ed endpoint in these studies and was left to opera-
tor’s discretion. The true bail out stenting rate with the laser 
in subacute and chronic thrombotic lesions is unknown and 
requires further studies.  

    Laser-Faciliated Lysis in Treating Subacute 
and Chronic Thrombus in the Periphery 

 Pretreatment of thombotic occlusions with the laser may 
facilitate lytic treatment and was described in treating acute 
thrombotic coronary syndromes [ 56 ,  57 ]. This concept was 
also tested in acutely and subacutely occluded hemodilaysis 
shunts [ 58 ]. In 21 patients with mean occlusion time of 4 
days and lesion length ranged from 5 to 27 cm, thrombus was 
present in all lesions. 85.7 % of patients were pretreated with 
excimer laser followed by local lysis for residual thrombus. 
The majority of patients then underwent angioplasty of 
underlying anastomatic lesions. Excimer laser reduced the 
occlusion from 100 % to a mean of 63 %. Following lysis 
with 20 mg tissue plasminogen activator therapy this was 
further reduced to 36 %. Procedural success was 95.2 % and 
primary and secondary patency were 85 % and 100 % respec-
tively at 6 weeks. All successfully treated shunts were usable 
at 6 weeks follow-up. 
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 Laser-assisted lysis of organized thrombus was also 
applied in patients with deep vein thrombosis and post- 
thrombotic syndrome. Moritz et al. [ 59 ] presented data on 
nine symptomatic patients (three upper and eight lower 
limbs; total 16 segments) with total deep vein occlusions 
ranging in age from 2 months to 15 years. Laser was used as 
follows: two occluded segments were crossed by guidewires 
but laser treatment was needed to pass a balloon through 
chronic thrombus. Four segments could not be crossed with 
wires and laser successfully created a channel allowing wire 
passage. In four segments laser was utilized as a primary 
means of clot lysis. Two vessels could not be recanalized. 
The authors concluded that laser was effective in recanaliza-
tion of these thrombotic occlusions facilitating wire and bal-
loon passage and allowing a successful treatment of these 
deep vein thrombotic lesions.  

    Use of Base Anticoagulants and Antiplatelets 
with Excimer Laser Treatment in Thrombotic 
Lesions 

 There is no data on the ideal anticoagulant during excimer 
laser treatment in thrombotic lesions. Unfractionated heparin 
has been the most commonly used anticoagulant during 
peripheral vascular interventions and this remains the same 
during treatment with excimer laser. Bivalirudin, a direct 
thrombin inhibitor, has more predictable anticoagulation 
profi le and carries signifi cantly less bleeding risk when used 
in acute coronary syndrome patients compared to unfraction-
ated heparin [ 60 ,  61 ]. It has a short half-life in patients with 
normal renal function and inhibits free and bound thrombin 
and thrombin-induced platelet activation and aggregation 
[ 62 ]. These properties may have a distinct advantage in treat-
ing atherosclerotic/thrombotic lesions. Major bleeding with 
unfractionated heparin in peripheral interventions has been 
reported in the range of 2.1–4.6 % [ 63 ]. Heparin is an indi-
rect thrombin inhibitor that binds to serum proteases, endo-
thelial cells and macrophages with unpredictable 
anticoagulation profi le. It is also partly neutralized by plate-
let factor 4 and only inhibits soluble thrombin. Heparin also 
activates platelets [ 64 ,  65 ]. 

 Observational studies suggest a safe and reliable profi le 
with the use of bivalirudin during peripheral interventions 
[ 66 – 69 ]. In the Angiomax Peripheral Procedure Registry of 
Vascular Events Trial (APPROVE) bivalirudin showed pre-
dictable anticoagulation during peripheral interventions. A 
low rate of ischemic events (1.4 %) and major hemorrhage 
(0.4 %) were reported [ 66 ]. APPROVE however, included 
low-risk patients including iliac and renal interventions. In a 
real world-registry of 369 unselected consecutive bivalirudin- 
treated patients, limb ischemia was present in 28 % and angi-
ographic thrombus in 8.2 % of patients. Glycoprotein (GP) 

IIb/IIIa inhibitors were co-administered in 4.6 % of patients. 
Bivalirudin was safe with 0.5 % major bleeding risk. Other 
adverse events included stroke 0.3 %, acute renal failure 
0.3 %, distal embolization 3 %, vascular access complica-
tions 0.5 %, and minor amputation 0.5 % [ 67 ]. This data 
compares favorably to historic controls with unfractionated 
heparin [ 24 ]. Finally, In 20 patients with subacute and 
chronic thrombus, Shammas et al. [ 46 ] have used bivalirudin 
with excimer laser during peripheral intervention. There was 
no reported major bleeding despite procedural complexity 
and the occasional use of adjunctive GpIIb/IIIa inhibitors. 

 Mechanical manipulation or disruption of thrombotic 
lesions often exposes more thrombin and theoretically poten-
tiates additional thrombus accumulation. Bivalirudin along 
with aspirin, ADP-receptor antagonists (clopidogrel) and 
occasionally glycoprotein IIb/IIIa inhibitors as clinically 
deemed necessary appear to be a logical pharmacologic base 
in patients undergoing laser treatment for thrombotic occlu-
sions. Randomized trials are needed to determine effective-
ness and safety outcomes of UFH versus bivalirudin in 
peripheral vascular interventions in general and with the use 
of excimer laser in specifi c particularly in high risk throm-
botic lesions.  

    Conclusion 

 Data indicate that subacute and chronic thrombotic 
lesions are diffi cult to treat using a single modality. Laser 
atherectomy is effective in treating these lesions as a 
stand-alone therapy, or to facilitate wire crossing or as an 
adjunct to CDT. In the experience of the author, embolic 
protection in treating these lesions is preferred because of 
the high rate of distal embolization of clinically signifi -
cant debris. It is hypothesized that targeting thrombus 
with excimer laser and reducing its burden prior to a more 
defi nitive treatment may result in more successful acute 
and long-term outcomes, a hypothesis that remains to be 
proven in randomized trials.     
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      Laser for Treatment of Complex 
Superficial Femoral Artery Disease       

     Robert     A.     Gallino     

         In this chapter I will discuss the use of the Laser for the treat-
ment of complex SFA disease. 

 The most commonly used Laser catheters for the SFA are 
the 2.0, 2.3 and less commonly the Turbo Tandem, the 2.5 
and the smaller (>2.0) catheters. The 2.0 can be used with a 
6 F sheath whereas the 2.3 requires a 7 F sheath. There’s 
signifi cant luminal gain with the 2.3 laser compared with the 
2.0 and hence it’s my catheter of choice for most SFA lesions. 
The 2.5 laser requires an 8 F sheath and doesn’t offer much 
gain above the 2.3 laser. The smaller catheters are limited by 
the amount of luminal gain in these 4–6 mm diameter arter-
ies. The 2.0 and 2.3 laser work over a 0.018 Guide Wire. 
Although the V 18 Control wire is frequently use to traverse 
SFA lesions and occlusions, I prefer not to work over this 
wire because of the potential of the distal hydrophillic tip to 
create distal dissections or perforations. Usually a the laser is 
advanced over a non hydrophillic (0.018 Road Runner, 
Steelcore,) wire. Any supportive 0.014 wire (Grandslam, 
Ironman, BHW) can also be used. 

 Most commonly the laser is used for lesion preparation 
prior to the use of balloons or stents. It’s particularly useful 
here for several reasons. First, a single laser catheter can treat 
a long (>30 cm) segment of disease with a single catheter, 
not removed from the body, with minimal use of contrast and 
fl uoroscopy. Some comments regarding the technique are 
important to discuss. The contralateral approach is the most 
commonly used however, if the SFA is extensively calcifi ed 
the antegrade approach is preferred for maximal support and 
pushablilty. The Arrow Sheath is not recommended because 
the ridges within the sheath inhibit the passage of the laser. 
The general principles of the laser are discussed elsewhere, 
but suffi ce to say, saline fl ush is delivered not through the 
sheath, but more effectively through the distal port of the 
laser. Flushing saline through the sheath often doesn't reach 

the tip of laser. Therefore I recommend fl ushing saline 
through the distal tip of the laser in order to maximize deliv-
ery beyond the laser tip. This is accomplished by connecting 
a Co-Pilot or any Touey Borst Y adapter to the guide wire as 
it exist the back of the laser. Saline is fl ushed through the side 
arm of the Y adapter. 

 I usually start with lower energy (i.e.; 45 J) at a repetition 
rate 55 pulses/s. The lower energy is used in an attempt to 
minimize dissections. Higher energies, 80 J, create a larger 
vapor bubble and within a tight lesion are prone to create 
acoustic trauma and subsequent dissections. After one or two 
passes are made at the lower energies, a pass can be made at 
the highest energy and rate (60/80). After the higher energies 
there’s usually signifi cant luminal gain achieved. The gain 
occurs not only by vaporizing plaque, but by having the large 
vapor bubble produced by the high energy, render the vessel 
more compliant. This effect was seen in the CELLO trial 
where by IVUS, the majority of the luminal gain was seen by 
the increase in the external elastic membrane not plaque 
reduction. The more compliant artery post laser permits 1:1 
sizing of the balloon which usually completely expands at 
low atms. Typically a 6 mm diameter for men and a 5 mm for 
women, covering the entire segment, (balloons up to 
300 mm) is infl ated to low atms (4–6) up to 3 min. As always, 
in order to get the maximal luminal gain, without dissec-
tions, the laser needs to be advanced slowly (1 mm/s) in a 
blood and contrast free space. 

 The laser has a unique property of being an Atherectomy 
catheter that can be used to initially cross the CTO. The ini-
tial use of the laser to cross CTOs was by Professor Giancarlo 
Biamino. He described a provocative method of using the 
laser without a leading wire to cross CTOs. He termed this 
technique “Step by Step”. The laser catheter is positioned 
proximal to the SFA occlusion (with the wire withdrawn into 
the catheter) The laser is then activated for about 10 s a few 
mm proximal to the cap. Then the laser is again activated, 
and gently passed into the cap (with the wire still behind the 
tip), After slowly penetrating the cap a few mm the wire can 
now gently probe the channel. Sometimes simply penetrating 
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the fi brotic proximal cap will allow wire passage through the 
softer organized thrombus. If resistance is encountered, the 
laser is activated over the advanced wire. At the point of 
resistance the wire is withdrawn, and the laser activated with 
slow gentle forward pressure (similar to what was done at the 
proximal cap) After advancing the laser, the wire then can 
probe the channel. The laser is then advanced as above, (Step 
by Step). This technique is very effective in straight occlu-
sions, it becomes less so in the bends of the adductor canal. 
At the adductor canal it’s useful to probe with a wire either 
through the laser, or exchanging for an angled catheter. 
Trying to advance the laser, without the leading wire, through 
tortuous calcifi ed occlusions can lead to dissection and 
perforation. 

 After the wire traverses the occlusion the laser is again 
activated into the distal true lumen. Usually we withdraw the 
laser back to the proximal cap and ablate the entire occlu-
sion. Following this, standard angioplasty techniques can be 
used. Because of the laser vapor bubble (discussed below) 
the vessel is rendered more compliant and only low atmo-
sphere infl ations are needed for full balloon expansion. 
Often, post laser and a long (3 min) low pressure (<8 atms) 
infl ation stenting is not needed. 

 The laser is ideally suited for the treatment of SFA in stent 
restenosis (ISR). Stents that have been chronically occluded 
are very diffi cult to cross. The hard, rubbery restonotic scar 
tissue makes guide wire passage not only diffi cult to engage 
the proximal cap but once within the stent the wire frequently 
exists the stent struts at the points of signifi cant resistance. 
The laser can be placed at the proximal cap and advanced in 
a step by step manner similar for native SFA occlusions. The 
laser energy is usually suffi cient to disrupt the proximal cap. 
Once within the stent the laser which is larger than the stent 
struts remains within the stent. Typically a 2.3 Laser is used 
at the highest energies (60/80) within the stent. At the distal 
aspect of the stent lower energies are used to avoid dissec-
tion. Several passes are made to achieve maximal debulking. 
This is one instance where I usually will use distal protection 
(with a fi lter). To achieve maximal luminal gain the Turbo 
Tandem laser can be used. The treatment of the occluded 
SFA stent is likely the best indication for the Turbo Tandem 
Laser. The major downside to the Turbo Tandem Laser is the 
cost of using another laser and this is why I usually just use 
the 2.3 Laser to cross and debulk the occluded stent. 
Following laser, a 1:1 balloon to stent size, covering the 
entire stent usually leads to an excellent acute result. 
Unfortunately, the acute result is not well maintained with 
frequent restetnosis occurring (The Patent trial). A random-
ized study of POBA vs Laser for the treatment of SFA ISR is 
in progress (Excite Trial PI Dr Eric Dipple) at the time of this 
writing. Presently, post Laser ISR is being treated with Drug 
Eluting Balloons (DEB) and Drug Eluting Stents (DES). No 
long term data of this approach is presently available. 

 The laser cannot only treat the chronically occluded stent, 
but can treat a focal recalcitrant stenosis within a stent. It’s 
not uncommon to have a focal portion of the stent not fully 
expand, despite high pressure balloon infl ations, secondary 
to an bulky calcifi ed plaque. The vapor bubble of the laser 
works beyond the stent struts to weaken the calcifi ed plaque 
and permit subsequent balloon expansion of the stent. This is 
well recognized in the treatment of the unexpanded coronary 
stent. The laser is the only atherectomy device that can mod-
ify the tissue behind the stent struts. The treatment of the 
calcifi ed lesion will be discussed below. 

 The laser is usually not thought of as a device for the 
treatment of calcifi ed SFA lesions. However, at high ener-
gies, the vapor bubble does disrupt calcium. IVUS clearly 
shows the arcs of calcium have been fragmented. Following 
laser, for the I prefer to use a scoring balloon to further mod-
ify the lesion. The Angioscore balloon is an excellent choice 
because it has the ability to infl ate to high atms within the 
calcifi ed lesion. I will not place a stent if the balloon has a 
persistent waist, fortunately this is rare following high energy 
passes with the laser. 

 The most commonly used Laser catheters for the SFA are 
the 2.0, 2.3 and less commonly the Turbo Tandem, the 2.5 
and the smaller (>2.0) catheters. The 2.0 can be used with a 
6 F sheath whereas the 2.3 requires a 7 F sheath. There’s 
signifi cant luminal gain with the 2.3 laser compared with the 
2.0 and hence it’s my catheter of choice for most SFA lesions. 
The 2.5 laser requires an 8 F sheath and doesn’t offer much 
gain above the 2.3 laser. The smaller catheters are limited by 
the amount of luminal gain in these 4–6 mm diameter arter-
ies. The 2.0 and 2.3 laser work over a 0.018 Guide Wire. 
Although the V 18 Control wire is frequently use to traverse 
SFA lesions and occlusions, I prefer not to work over this 
wire because of the potential of the distal hydrophillic tip to 
create distal dissections or perforations. Usually the laser is 
advanced over a non hydrophillic (0.018 Road Runner, 
Steelcore,) wire. Any supportive (Grandslam, Ironman, 
BHW) 0.014 wire can also be used. 

 There are several limitations of the laser. It’s not effective 
as a stand alone treatment for complex SFA disease. 
Dissections and modest luminal gain are common post laser 
alone. Fortunately, ballooning post laser leads to excellent 
luminal gain and tacking up of the dissections. Also, the long 
term patency of Laser and POBA especially in long lesions 
is accompanied by signifi cant restenosis. DEB post laser 
appears to be a promising strategy, although no data is pres-
ently available. It’s likely that the laser will be an important 
device for lesion preparation prior to DEB, DES and 
Bioabsorbable Stents. 

 In conclusion, the laser has a long term track record of 
being an effective tool for the treatment of a variety of SFA 
lesions. It’s relatively easy to use with very predictable 
results. It can work over standard guide wires and usually 
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doesn’t require the use of a distal fi lter. It has unique proper-
ties of being able to cross and the debulk CTOs. It probably 
is the catheter of choice for the treatment of the occluded 
stent. 

    Laser Step by Step Technique 

     1.    Advance the Laser ~5 mm proximal to the SFA stump 
(Fig.  12.1 ). As discussed in the text, I prefer a larger 
laser (2.0 or 2.3) for this technique.  Clear all the con-
trast from the system, this is imperative  (discussed in 
the text)

       2.    Using a fl uency and rate of 42/25 activate the laser on 
the proximal cap.  Without advancing  activate for 
approximately 10 s and sit on the cap   

   3.    Next, activate and  gently advance  the Laser across the 
proximal cap (Fig.  12.2 )

       4.    Post activation, probe with a heavy tip (i.e. Cook 
Approach CTO Wires 6, 12,18 & 25 g tip or the Asahi 

Astato 30 g tip) Advance the wire until resistance is 
encountered (Fig.  12.3 )

       5.    Activate and advance the Laser over wire   
   6.    Withdraw the wire into the laser, activate and advance 

the laser. Repeat step 4   
   7.    If the distal re-entry is in a straight section of the vessel, 

advance the laser into the distal true lumen. The wire 
should then easily pass forward (Fig.  12.4 ). Remove the 
heavy tipped wire and exchange for a standard softer 
tipped wire (any workhorse wire is fi ne)

       8.    If the re-entry zone is at an angle, consider advancing 
the laser to the angle and then probe with the heavy 
tipped wire (I prefer non hydrophilic wires)   

   9.    If the Laser encounters resistance, don’t push, advance 
the sheath over the laser. This will provide more support 
to cross the stubborn spot.   

   10.    After crossing the occlusion, withdraw the laser to the 
proximal cap and re laser the entire occlusion at a rate of 
~1 mm per second. This slow rate achieves maximal 
ablation        

  Fig. 12.1    The Laser at the proximal cap with the trailing guide wire 
(note the laser is activated a few mm proximal to the cap)       

  Fig. 12.2    The Laser has advanced across the proximal cap while the 
wire continues to trail the tip       
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  Fig. 12.3    The heavy tipped guide wire (Cook 25 g Approach wire) is 
advanced now ahead of the laser. It’s not uncommon to have free wire 
passage after penetrating the fi brotic proximal cap. If resistance is met, 
the laser is advanced up to that point, the wire withdrawn, and the laser 
activated (similar to the proximal cap)       

  Fig. 12.4    If the wire doesn’t encounter resistance it is advanced across 
the distal occlusion into the true lumen. Be especially careful at the 
distal cap, forceful pushing of either the wire or laser leads to Subintimal 
passage       
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      Laser Synergism with Drug Eluting 
Balloon for Treatment of In-Stent 
Restenosis in the Lower Extremities       

     Jos     C.     van den     Berg     

            Introduction 

 In the last years new techniques and technologies have been 
developed for the endovascular treatment of arterial occlu-
sive disease affecting the superfi cial femoral artery (SFA) 
and infrapopliteal arteries. With the availability of dedicated 
stents the problem of elastic recoil, fl ow-limiting dissection 
and residual stenosis after balloon angioplasty can be dealt 
with effi caciously, and this development has therefore 
allowed the treatment of very complex and extensive lesions 
with a low complication rate. Restenosis, and in particular 
in-stent restenosis, remains a problem that signifi cantly 
affects mid- and long-term outcome of SFA stenting [ 1 ]. Two 
studies that demonstrated a statistically signifi cant benefi t of 
primary stenting of the SFA over angioplasty with bail-out 
stenting still yielded high restenosis rates with Duplex 
derived primary patency of 81.3 % [ 2 ] at 1 year and 63 % at 
2 years [ 3 ]. The rate of recurrent stenosis in below-the-knee 
lesions after PTA and stenting is even higher than after femo-
ropopliteal procedures [ 4 ]. As a result of the favorable out-
comes achieved, endovascular treatment with stenting is 
used more liberally and this leads to a situation where we are 
faced more and more with the problem of in-stent restenosis. 
In-stent restenosis cannot be treated effi ciently with plain 
balloon angioplasty, cutting balloon angioplasty or cryo-
plasty [ 5 ,  6 ]. Directional atherectomy as stand-alone treat-
ment has also demonstrated to be inadequate in the treatment 
of in-stent restenosis with patency rates around 50 % [ 7 ]. 

 This chapter will provide a description of the process of 
(in-stent) restenosis with special attention to the histopatho-
logical changes that occur. Furthermore it will give an over-
view of the current status of drug-eluting balloon technology 
and will present results from the literature with the treatment 

of in-stent restenosis using a combination of laser atherec-
tomy and drug-eluting balloons.  

    The Problem of Restenosis 

 All endovascular procedures (balloon angioplasty with or 
without stenting) produce a more or less controlled injury to 
the arterial wall, with intimal plaque disruption typically 
accompanied by medial injury. Deep vessel injury caused by 
stent struts (damaging the internal elastic lamina), is one of 
the causes of restenosis [ 8 ]. 

 The local arterial response to stenting as demonstrated 
by experimental animal and human autopsy studies fol-
lows a response-to-injury sequence of events, similar to 
wound healing [ 9 – 11 ]. The superfi cial femoral artery, like 
the coronary arteries, is a so-called muscular or distribut-
ing artery. Muscular arteries contain fewer elastic and 
more smooth muscle cells than elastic arteries (that typi-
cally contain high amounts of collagen and elastin fi ber in 
the media, and exhibit a lower incidence of in-stent reste-
nosis) [ 12 ]. The in- stent restenosis mechanism in coronary 
and peripheral muscular arteries is supposed to be similar 
[ 13 ]: in human coronary arteries, stents cause platelet and 
fi brin deposition around struts and an initial acute infl am-
matory cell response within the fi rst 3 days. Afterwards the 
acute infl ammation subsides and is followed by a granula-
tion tissue response with neovascularization, smooth mus-
cle cell migration and proliferation, and replacement of 
acute infl ammatory cells by chronic infl ammatory cells by 
2–4 weeks: proliferating smooth muscle cells are seen in 
the early neointima and are associated with organizing 
thrombus and a thin extracellular matrix. After 30 days the 
presence of fi brin and chronic infl ammation may persist, 
and the neointima is enriched further by smooth muscle 
cells and extracellular matrix. The formation of intimal 
hyperplasia (restenosis) consists of three different pro-
cesses: cell replication, cell migration, and accumulation 
of extracellular matrix in the arterial wall [ 14 ]. The 
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extracellular matrix molecules are synthesized by 
neointimal smooth muscle cells. The extracellular matrix 
is composed of a variety of molecules, including collagen 
(type I and III), elastin, glycoproteins, and proteoglycans 
(versican, biglycan and decorin). Proteoglycans and hyal-
uronan participate in the regulation of vascular permeabil-
ity, lipid metabolism, and thrombosis. In a muscular 
(coronary) artery, type III collagen is the most abundant 
matrix protein. Experimental arterial injury studies have 
demonstrated that remodelling of the neointima occurs 
with replacement of the type III collagen with type I col-
lagen. The extracellular matrix accumulates mainly around 
stent struts and in the outer intima [ 14 ,  15 ]. Around the 
struts, in addition to the extracellular matrix, infl ammatory 
cells (leukocytes, macrophages and T-lymphocytes) can be 
found. The outer intima is characterized by lower cell den-
sity or lower cell replication as compared with the inner 
intima, which suggests that matrix accumulation is more 
critical than the increase of cell number because of cell 
replication. Smooth muscle cell components are concen-
trated at the intimal surface, and demonstrate cell replica-
tion even at 7–19 months after stent implantation [ 14 ]. 
This dense neointimal layer is typically the fi rst 250 μm of 
the intra luminal section. Studies with animal models that 
have evaluated the responses to balloon angioplasty injury 
of arteries with preexisting intimal lesions showed similar 
fi ndings in the intima after balloon angioplasty. Intimal 
size increases in the late phase after balloon angioplasty, 
and matrix accumulation (and not intimal cell replication) 
accounts for most of the increase of intimal size [ 14 ]. A 
difference exists in restenosis mechanism between balloon 
angioplasty and stenting. Intimal hyperplasia accounts for 
all late lumen loss following stenting, but for less than 
40 % after balloon angioplasty (the remainder being 
caused by so-called constrictive remodelling). Stenting 
causes an even greater increase in collagen accumulation, 
in both arterial intima and media/adventitia layers com-
pared with balloon angioplasty. This is likely due to exten-
sive tissue damage and persistent circumferential 
stretching, that are both well recognized stimuli for 
enhanced collagen synthesis [ 16 ,  17 ]. 

 All these processes lead to the heterogenous nature of in- 
stent restenotic lesions with a cell-dense intimal layer that 
has been described as “rubbery” in consistency and a signifi -
cant volume of cell-poor, hydrated matrix in the outer intima 
to the stent struts. 

 The major histological fi ndings can be summarized as 
follows:

•    In-stent restenotic lesions are complex and differ signifi -
cantly from de-novo atherosclerotic lesions.  

•   In-stent restenotic lesions are heterogeneous and consist 
primarily of collagen and smooth muscle cells. They have 

an innermost intimal layer of dense smooth muscle cell 
tissue and an outermost intimal layer that can be described 
as a cell-poor scaffold or “sponge” comprised of collagen. 
This outermost intimal layer is the largest volume con-
stituent of an in-stent restenotic lesion.  

•   Calcium is rare in in-stent restenotic lesions.  
•   Thrombus can be present, but typically constitutes a small 

part of the total volume (the exception may be in acute 
occlusions that occur within a short time frame after stent 
placement).    

 Due to this unique morphology (the majority of the 
volume being extra-cellular matrix), in-stent restenotic 
lesions tend to feel “spongy” and recoil quickly. The 
extracellular matrix accounts for 50 % of the total volume 
of neointimal restenotic lesions, and explain the fact why 
balloon angioplasty alone does not work in restenotic 
lesions [ 17 ]. Therefore many clinicians have abandoned 
this approach to treat in-stent restenosis, particularly in 
long or occlusive disease, and started a quest for alterna-
tive treatments.  

    Current Status of Drug-Eluting Balloon 
Technology 

 The concept of drug-eluting balloons is based on the local 
delivery of drugs on site, with an exact control of the drug 
dosage, thus achieving an effective and suffi cient local con-
centration, and avoiding systemic exposure to the drug. 
Advantages of the technology are the possibility of a homo-
geneous drug transfer as compared to stent-mediated drug 
release where the drug is only delivered at the level of con-
tact of the stent struts with the vessel wall. Because approxi-
mately 85 % of the stented vessel wall area is not covered by 
the stent struts, stent-mediated drug release results in low 
tissue concentrations of the antiproliferative agent in these 
areas [ 18 ]. Furthermore drug-eluting balloons allow for a 
drug concentration that is highest at the time of the vessel 
wall injury that occurs during balloon angioplasty and there-
fore can prevent the initiation of the chain of events that will 
eventually lead to neointimal proliferation. The absence of 
metal struts makes the technique suitable for treatment of 
long lesions (especially in small diameter vessels), and areas 
where fl exion and compression of stents may occur. Finally 
the absence of a stent allows the artery’s original anatomy to 
remain intact, which is especially of importance in lesions at 
the level of a bifurcation. The absence of polymer that is 
needed in most drug-eluting stents could decrease chronic 
infl ammation and the trigger for late thrombosis and thus 
obviate the need for long-term dual antiplatelet therapy [ 19 , 
 20 ]. By not using stents follow-up treatment options (re- 
PTA, treating a potential anastomosis-site for surgical bypass 
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without compromising the distal anastomosis site) are pre-
served. Most currently available drug-eluting balloons use 
dry state paclitaxel. This drug is the active ingredient of 
Taxol® (Bristol-Myers-Squibb) that has been approved and 
widely used in oncological therapy. In oncological applica-
tions, paclitaxel is typically infused intravenously up to a 
dose of 175 mg/m 2  body surface equivalent, a dosage that is 
equivalent to about 300 mg/ patient. Usually, the treatment is 
repeated several times with a treatment-free interval of 1 
month. The dose of paclitaxel that is used by almost all man-
ufacturers of drug-eluting balloons is either 2 or 3 μg/mm 2  of 
the balloon surface. With this dosage regimen the total dose 
of paclitaxel administered to the patient remains well below 
the dosage schemes used in cancer treatment (for example 
3 μg paclitaxel/mm 2  balloon surface results for the largest 
balloon (Ø 6 × 120 mm) in about 8 mg). Paclitaxel is a cyto-
toxic agent and a potent inhibitor of smooth muscle cell 
(SMC) proliferation, SMC migration, and extracellular 
matrix formation in vitro, with all three phases of the reste-
nosis process inhibited effectively [ 21 ]. Paclitaxel is a lipo-
philic substance. The effective transfer of drug to the arterial 
wall is controlled by how the drug is loaded on the balloon 
(coating engineering) and by the relative solubility of the 
drug between the cell wall and the coating. Several tech-
niques are available to make the drug adhere to the balloon, 
and to optimize drug release. Paclitaxel can be made to 
adhere to the balloon surface by using ethyl acetate or ace-
tone as a solvent [ 22 ]. More recent developments in balloon 
coating technology used the contrast agent iopromide as a 
hydrophilic spacer (Paccocath). In this way the solubility of 
paclitaxel is increased and the transfer of paclitaxel to the 
vessel wall is enhanced [ 22 ]. The second method (FreePac 
coating, Medtronic Invatec) uses urea as a matrix to improve 
adherence of the drug to the balloon and facilitates drug elu-
tion by separating paclitaxel molecules and balancing hydro-
philic and lipophilic properties. Urea is a natural degradation 
product of protein and one of the most common substances 
in human serum (100–500 mg/l). Urea is synthesized in the 
liver in an amount of ca. 18–35 g per day to detoxify and 
excrete nitrogen derived from proteins. Urea has very low 
toxicity and causes no hypersensitivity reactions. The dose 
of urea on the balloon is about 0.5 μg/mm 2  balloon surface, 
which results for a large balloon (Ø 6 × 120 mm) in a total 
dose of urea of 1.1 mg. This is the amount of urea contained 
in 10 ml serum or <0.01 % of the urea synthesized during 
one day, and this can be considered totally harmless. The 
third type of balloon uses a coating matrix that consists of a 
natural resin (composed of shellolic and alleuritic acid; 
Shellac coating, Eurocor; more recently another balloon 
using shellolic acid base coating covering so-called nano-
crystaline paclitaxel has become available; Cardionovum). 
Once in contact with blood the hydrophilic network of the 
composite swells and opens the structure to allow 

pressure- induced release of paclitaxel. The fourth type of 
balloon uses Butyryl-tri-hexyl citrate (BTHC) (Biotronik): 
BTHC is a compound that is used in medical devices and 
cosmetics. It is approved to be dissolved into the blood and 
used in the body, and degrades to citric acid and alcohol. 
BTHC disrupts the crystalline structure of paclitaxel and 
makes the compound better absorbable to the tissue. The last 
types of balloon (that both use a dose of 2 μg/mm 2  of pacli-
taxel) use sorbitol and polysorbate (Lutonix/BARD) and 
polyethylene glycol (Spectranetics) as carrier. 

 Although technically similar to the use of non-coated 
angioplasty balloons, there are several issues that must be 
considered when using drug-eluting balloons. The pres-
ence of the coating on the balloon will increase its crossing 
profi le only slightly, and therefore the drug-eluting balloon 
will not require a larger introduction sheath size. However 
it is generally recommended to upsize 1 F size, in order to 
avoid ‘scraping off’ the coating while crossing the sheath. 
The infl ation time recommended for optimal release of the 
drug (up to 80 % of the total amount) is between 30 and 
60 s (shorter infl ation should be avoided in all cases, lon-
ger infl ation times will not lead to a signifi cant additional 
release of drug) [ 1 ]. Balloon length should always exceed 
lesion length, and predilation is recommended not only to 
avoid loss of drug from the balloon when crossing the 
lesion to be treated (especially in total occlusions and 
heavily calcifi ed lesions), but also to ensure an equal dis-
tribution of the drug across the vessel surface. When treat-
ing lesions with a length that exceeds the total balloon 
length an additional balloon or additional balloons should 
be used in order to cover the whole lesion length (as men-
tioned before, 80 % of the drug is released after one infl a-
tion, which renders the balloon inapt for a second drug 
release). In an animal study it was demonstrated that 
increase of local dose due to overlapping balloons does not 
lead to an increase in adverse reactions and does not infl u-
ence the effi cacy of reduction of neointimal proliferation. 
No adverse reactions were seen as dose was increased to 
more than three times the clinically tested dose [ 23 ]. It is 
of utmost importance to avoid a so-called geographic miss, 
that is, a segment of the lesion not being treated with the 
drug-eluting balloon. Bony landmarks or a ruler can be 
used to ensure proper overlapping of the drug-eluting bal-
loons. As a reliable alternative, the roadmap feature of the 
angiography system can be used: with the fi rst balloon 
infl ated, the roadmap is activated (without injecting con-
trast), and when after balloon defl ation and exchange for 
the second balloon the fl uoroscopy is used, the image of 
the fi rst balloon and its markers will be visible as a ‘nega-
tive image’. The markers of the second balloon will be 
projected on this image as ‘positive’, and the most distal 
marker of the fi rst balloon and the most proximal marker 
of the second balloon can be easily superimposed.  
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    Endovascular Treatment of In-Stent 
Restenosis Using Excimer Laser Angioplasty 
and Drug Eluting Balloons 

 With the development of drug-eluting balloon technology a 
potential novel treatment modality for in-stent restenosis has 
become available (with or without debulking), and fi rst 
results look promising. The technique of the combined ther-
apy of laser debulking and drug-eluting balloon angioplasty 
for in-stent restenosis will be discussed hereafter and will be 
put in perspective with other treatment strategies. 

    Technique 

 Either an ipsilateral, antegrade approach or a retrograde, 
contralateral approach with cross-over can be used. After 
obtaining arterial access a 4 F introducer sheath is placed, 
and a diagnostic angiography of the whole affected limb 
is obtained. After successful crossing of the lesion with a 
hydrophilic guide wire (Glidewire, Terumo) a diagnostic 
catheter is advanced and contrast injected distally from the 
lesion to confi rm intraluminal position. In case of a total 
occlusion the lesion should preferably be crossed with 
the guide wire ‘looped’ in order to avoid exiting of the 
wire through the struts of the stent in a ‘subintimal’ fash-
ion. The 4 F introducer sheath can then be subsequently 
exchanged for a 5 F–7 F sheath (depending on the size 
of the laser catheter that is to be used), while maintain-
ing the guide wire in a position with its tip distally from 
the lesion. Then the hydrophilic guide wire should be 
exchanged for a 0.014″ guide wire or a 0.018″ guide wire, 
again this depending on which type of laser catheter is 
used. A Turbo Elite laser catheter (diameter ranging from 
1.4 mm till 2.0 mm) is subsequently introduced, while 
applying continuous saline fl ush on both the introducer 
sheath and through the laser catheter. The laser catheter 
is then slowly advanced through the lesion under fl uo-
roscopic control (speed <1 mm/s). It is recommended to 
perform two passages with the laser catheter. Fluence and 
pulse repetition rate settings for the fi rst passage should 
be intermediate, and this will allow for more effi cacious 
ablation of any soft (thrombotic) material present, thus 
minimizing the risk of distal embolization. The second 
passage will be performed using the maximum Fluence 
and frequency (as set by the manufacturer). At maxi-
mum settings the vapor bubble that is typically formed 
around the tip of the laser catheter (and that is contribut-
ing signifi cantly to the ablative effect) is larger, and thus 
the debulking will be more effi cient. After removal of the 
laser catheter, balloon angioplasty of the treated segment 
is performed using standard angioplasty balloons, with a 
size 1 mm less than the reference vessel diameter. This 

is followed by angioplasty using drug-eluting balloons 
according to the technical considerations described above 
(infl ation time, avoidance of geographical miss etc.). A 
representative case is depicted in Fig.  13.1a–g .

   Alternatively the Turbo-Tandem system can be used for 
debulking. The Turbo Tandem requires a 7 F sheath, and 
consists of a guiding catheter with a ramp and a pre-mounted 
laser catheter that can be advanced onto the ramp allowing 
for an off-center position of the laser catheter during abla-
tion. This technique allows to obtain a larger luminal gain 
[ 24 ]. The Turbo Tandem catheter can only be used after cre-
ating a so-called pilot channel in the occlusion (the minimum 
diameter required is 2 mm). The pilot channel can be 
obtained by using a small size Turbo Elite catheter, or predi-
lation of the occlusion with an angioplasty balloon of the 
above mentioned sizes. After the fi rst pass of the Turbo 
Tandem through the occlusion the laser catheter is retracted 
off the ramp, the whole system is withdrawn, and a new pass 
is performed. It is recommended to perform a total of 4 quad-
rant passes (at 0°, 90°, 180° and 270°). 

 Sometimes it is impossible to enter the stent proximally, 
or to cross the entire length of the stent occlusion with the 
guide wire (inability to create the ‘loop’, with the guide wire 
exiting the stent struts). In these cases either a puncture dis-
tally from the stent or a direct puncture of the stent can be 
performed (placing a 4 F introducer sheath), and retrograde 
crossing of the occlusion can be attempted [ 25 ]. After suc-
cessful retrograde passage, the guide wire can be snared 
from above and the procedure can be completed in an ante-
grade fashion as described above.  

    Review of Results in Literature 

 The fi rst indication that the outcome of combining laser deb-
ulking and drug-eluting balloon angioplasty was better than 
previously reported studies using plain balloon angioplasty, 
came from a paper that described the short- term follow up of 
a cohort of 10 patients treated with this novel combination 
therapy [ 26 ]. This paper described the follow-up at a mean of 
7 months. The cohort consisted of 8 female and 2 male 
patients with a mean age of 78.6 years (range 69–88 years). 
The mean time to recurrence was 7.2 months (range 2–16 
months) and the mean lesion length was 115 mm (range 
10–300 mm). Half of the patients presented with critical limb 
ischemia (5/10). The arterial segments involved were the 
superfi cial femoral artery (n = 4), superfi cial femoral and pop-
liteal artery (n = 3), popliteal artery, superfi cial femoral/popli-
teal and crural artery, and popliteal and crural artery (each 
n = 1). Two patients had a Tosaka class [ 27 ] I lesion, the 
remaining 8 were all Tosaka class III. All procedures were 
technically successful. No residual stenosis was seen angio-
graphically. There were 2 cases of distal embolization (both 
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in patients with a history of acute on chronic occlusion). Both 
could be treated successfully with aspiration embolectomy 
(n = 2) and local (on-the-table) intra-arterial thrombolysis 
using a bolus of urokinase of 250,000 U (n = 1). No access site 
related complications were seen. Mean follow- up was 
7.6 months (range 2–20 months). Six patients had Duplex fol-
low up, one patient had an angiographic control (during 
angioplasty of an ipsilateral superfi cial femoral artery steno-
sis proximal of the treated segment a year after the index pro-
cedure), and the remaining 3 patients had clinical follow-up 
with ABI measurements. No target lesion revascularization 
was performed. The clinical stage improved in all patients, 
with 9 patients becoming asymptomatic, and one patient hav-
ing a Fontaine class IIa (Rutherford class 2). The patients that 
were evaluated with Duplex and/or angiography (n = 7; mean 

follow-up 7 months) did not demonstrate any signs of neo-
intimal hyperplasia. One patient underwent a (pre-planned) 
amputation of a toe shortly after the revascularization proce-
dure. No major-amputations or deaths occurred. These out-
comes compare favorable to what is currently known on the 
outcome of balloon angioplasty as stand-alone treatment for 
in-stent restenosis, especially considering the relatively long 
mean lesion length. In a randomized study that compared 
conventional balloon-angioplasty with peripheral cutting-
balloon angioplasty in patients with in-stent restenosis with 
lesion lengths upto 20 cm (mean lesion length 80 mm) it was 
found that restenosis rates at 6 months were 65 % after cut-
ting balloon angioplasty and even worse with conventional 
PTA (73 % restenosis). Thus the overall patency for both 
treatment modalities was disappointing. Cryoplasty for 

  Fig. 13.1    ( a ) Fluoroscopic image of a long stented segment ( arrow-
heads ) of the right superfi cial femoral artery (two overlapping stents of 
6 × 120 mm). ( b ) Digital subtraction angiography demonstrating steno-
sis of the proximal SFA ( arrow ) and stent occlusion (Tosaka class III; 
 arrowheads ). ( c ) Fluoroscopic image of laser catheter (Turbo Elite 
2.0 mm;  arrow ) in distal stented segment. ( d ) Roadmap image obtained 

after 2 passages of the laser catheter showing antegrade fl ow; note the 
signifi cant luminal gain. ( e ) Fluoroscopic image of predilation with 
4 × 250 mm angioplasty balloon. ( f ) Fluoroscopic image of dilation of 
the middle segment of the SFA with drug-eluting balloon (5 × 120). ( g ) 
Digital subtraction angiography: detail demonstrating complete resto-
ration of the angiographic lumen at the level of the stent         

a b c
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instent restenosis resulted in even worse outcome data, with a 
100 % failure rate at 12 months [ 6 ]. 

 The longer term follow-up of the above mentioned cohort of 
10 patients has recently been published, and it appears from this 
that the effect of laser debulking followed by DEB is sustained 
also at 2 years [ 28 ]. The duration of clinical follow- up was 
22.2 months ± 8.4 months (range 15–38 months) and for Duplex 
follow-up 23.8 months ± 8.5 months (range 13–38 months). 
Two patients were lost to follow-up after 13 and 14 months 
respectively (and were asymptomatic at that time). One patient 
demonstrated a binary restenosis (>50 % stenosis as demon-
strated by Duplex using a peak systolic velocity ratio threshold 
of >2.4) at 36 months. This led to a target lesion revasculariza-
tion (n = 1) at 36 months (angiographically a focal 60 % stenosis 
in the distal popliteal artery was seen). In the remaining patients 
no clinically signifi cant restenosis was seen with Duplex. Five 
patients (5/10; 50 %) showed absence of restenosis at a mean 
follow-up of 16.2 months (range 15–20 months), while 4/10 
(40 %) demonstrated a 25–50 % stenosis (mean follow-up of 
this sub group 25 months; range 19–38 months). 

 Similar good results were seen in a study that involved 48 
patients that were randomly assigned to treatment using 
combination therapy of laser debulking and drug eluting bal-
loon angioplasty (n = 24), or drug eluting balloon angioplasty 
alone (n = 24) [ 25 ]. All patients were suffering from chronic 
critical limb ischemia and presented with a total occlusion of 
the superfi cial femoral artery (Tosaka class III). Mean length 
of the treated stent was 20.0 ± 10.1 cm in the combination 
therapy group and 23.3 ± 9.1 cm in the DEB only group 
(p = NS). The treated lesion length was 22.4 ± 9.4 cm vs. 
25.9 ± 8.7 cm, respectively (p = NS). The occluded tract was 
limited to the stent only in 3 patients, in the remaining cases 
stent obstruction was associated with proximal and/or distal 
thrombosis. Two cases of distal embolization were seen in 
the drug-eluting balloon group, and in one patient that was 
treated with combined therapy. The patency rates at 6 and 12 
months in the combined therapy group (91.7 % and 66.7 % 
respectively) were signifi cantly higher than in the drug- 
eluting balloon group (58.3 % and 37.5 % respectively; 
p = 0.01). TLR at 12 months was 16.7 % in the combination 
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therapy group, and 50 % in the drug-eluting balloon angio-
plasty only group (p = 0.01). Also the number of major ampu-
tations was signifi cantly reduced (8 % versus 46 %; 
p = 0.003). Ulcer healing was better in the patients that 
underwent combination therapy. 

 To put these positive results in perspective a comparison 
should be made with the outcomes as seen with drug-eluting 
balloon angioplasty as stand-alone therapy or with atherec-
tomy (debulking) as single therapy. Results of 2 studies in 
patients with coronary in-stent restenosis have demonstrated 
the effi cacy of a balloon that is coated with a paclitaxel- 
iopromide mixture. Two-year follow-up data of a random-
ized trial comparing uncoated balloons with paclitaxel-coated 
balloons in patients with coronary in-stent restenosis demon-
strated a statistically signifi cant reduction of target lesion 
revascularization [ 29 ]. In this study in-segment late lumen 
loss after 6 months was 0.81 ± 0.79 mm in the uncoated bal-
loon group vs. 0.11 ± 0.45 mm (P < 0.001) in the drug-coated 
balloon group. This resulted in a binary restenosis rate of 
25/49 (uncoated) vs. 3/47 (coated; P < 0.001). Until 12 
months post procedure 20 patients in the uncoated balloon 
group compared to two patients in the coated balloon group 
required target lesion revascularization (P = 0.001). Similar 
results were obtained in a randomized comparison of 
paclitaxel- coated balloon angioplasty versus a paclitaxel- 
coated stent for the treatment of coronary in-stent restenosis 
[ 18 ]. In this study at 6 months follow-up, in-segment late 
lumen loss was 0.38 ± 0.61 mm in the drug-eluting stent 
group versus 0.17 ± 0.42 mm (P = 0.03) in the drug-coated 
balloon group, resulting in a binary restenosis rate of 12 of 
59 (20 %) versus 4 of 57 (7 %; P = 0.06). At 12 months, the 
rate of major adverse cardiac events were 22 % and 9 %, 
respectively (P = 0.08). It was concluded that treatment of 
coronary in-stent restenosis with the paclitaxel-coated bal-
loon was at least as effi cacious and as well tolerated as the 
paclitaxel-eluting stent, and furthermore that for the treat-
ment of in-stent restenosis, inhibition of re-restenosis does 
not require a second stent implantation. One study evaluated 
the use of drug-eluting balloons for the treatment of superfi -
cial femoral artery in-stent restenosis, and demonstrated a 
92.1 % primary patency rate at 1 year follow-up in a patient 
cohort with a mean lesion length of 82.9 mm ± 78.9 mm. In 
this study the number of Class III lesions was relatively low 
(20.5 %) [ 30 ]. The results of 2-year follow-up in this cohort 
were recently presented during the LINC 2014 meeting in 
Leipzig, and showed a decrease in primary patency to 70.3 % 
and a freedom from TLR of 78.4 %. Class I lesions showed 
a better primary patency rate (between 10 and 15 %) as com-
pared to class III lesions (with a primary patency rate of 
around 35 %). The data from these three studies evaluating 
drug-eluting balloon angioplasty in the coronary (at 6 
months) and SFA in-stent restenosis (at 1 and 2 years) show 
higher restenosis rates as compared to the treatment using 

combined therapy of debulking and drug-eluting balloon 
angioplasty in the SFA as found in the above mentioned stud-
ies. This improvement of outcome can most probably be 
explained by the additional use of debulking. 

 Laser debulking as a stand-alone therapy has been evalu-
ated in the PATENT registry [ 24 ]. In this study relatively 
long and complex lesions were treated (mean lesion length 
123 ± 95.9 mm, with 34.1 % of lesions being total occlu-
sions). The primary patency at 6 months (64.1 %) compared 
favorable to that seen in the study by Dick et al. (despite 
shorter lesion length the patency rate was only 27 % in the 
balloon angioplasty group; see above [ 5 ]. At 12 months the 
overall primary patency showed a drop to 37.8 %. The pri-
mary patency at 12 months as stratifi ed by Tosaka class was 
54.5 % for class I, 27.6 % for class II, and 24.0 % for class 
III. Although it was calculated that, when comparing the 3 
classes, primary patency at 12 months was not signifi cantly 
different, this indicates that longer and more complex lesions 
tend to do worse. From this study (and also from studies 
using directional atherectomy [ 7 ]) it can be concluded that 
after debulking additional therapy is needed in order to pre-
vent recurrence of in-stent restenosis. 

 Because the burden of intima hyperplasia-associated 
restenosis and in-stent restenosis in the peripheral arteries is 
quite considerable, especially in long lesions, the data 
obtained in the studies mentioned above, support the 
approach of combining debulking with drug-eluting bal-
loons, thus avoiding additional stenting procedures. Further 
back-up for this approach comes from a study where positive 
results were obtained using directional atherectomy for deb-
ulking [ 31 ]. All current atherectomy modalities rely on 
mechanical scraping or grinding which are generally inap-
propriate for softer tissues such as thrombus or neointimal 
hyperplasia and the moving components pose an elevated 
risk for stent disruption and fragmentation. Directional 
atherectomy is actually contraindicated in the treatment of 
in-stent restenosis and this technique is therefore not recom-
mended [ 32 ]. 

 In-stent restenosis should probably be treated at an early 
stage, even when the patient is asymptomatic (cf. surveil-
lance of surgical bypass), in order to maintain high primary 
assisted patency rates. In addition, treatment of in-stent 
restenosis will be less complex as compared to treatment of 
a totally occluded stent where wire crossing is not always 
possible. Furthermore treatment before an acute (throm-
botic) occlusion occurs will reduce the incidence of distal 
embolization. The 2 cases in the above mentioned series 
where distal embolization was seen occurred in patients that 
presented with acute clinical symptoms, in retrospect caused 
by acute thrombosis of a chronic stenosis. By using the pre-
viously described technique with 2 passages at a different 
energy setting the risk of distal embolization can be reduced 
(no instances of distal embolization were seen in the 
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subsequent 15 patients treated). In the Gandini study distal 
embolization was seen less frequent in the combined therapy 
group than in the drug-eluting balloon only group, emphasiz-
ing the safety of the procedure. 

 Class III lesions (total occlusions >5 cm) of the SFA are 
probably more diffi cult to treat, because of the large amount 
of re-stenotic material that needs to be dealt with. Given the 
fact that the innermost layer of the substance that forms the 
in-stent restenosis consists of non-cellular material the cyto-
toxic effect of the drug paclitaxel may not be able to reach 
the cellular (outermost) layer. Atherectomy offers the possi-
bility to remove the smooth muscle cell inner intimal layer 
and the aqueous outer intimal layer that mainly consists of 
extra-cellular matrix. The effectiveness of laser atherectomy 
followed by DEB as a joint therapy is currently under evalu-
ation in the PHOTOPAC trial ( Photo ablative Atherectomy 
Followed by a  Pac litaxel-Coated Balloon to Inhibit 
Restenosis in In-stent Femoro-popliteal Obstructions; co- 
principal investigators: Thomas Zeller, MD and Dierk 
Scheinert, MD). The objective of this study is to evaluate the 
safety and effi cacy of preparing a vessel with photoablation 
with Excimer laser and laser catheters prior to local pacli-
taxel delivery compared to local paclitaxel delivery without 
initial photoablation. This is a prospective, two-arm random-
ized study. Subjects meeting the defi nitions of Rutherford 
Clinical Categories 1–5 with in-stent lesions located in 
superfi cial femoral artery and the popliteal artery above the 
knee joint are eligible for enrollment. Primary outcome is 
Target Lesion Percent Stenosis at 1 year. Secondary out-
comes are procedural success, MAE rate at 30 days and 1 
year, improvement in WIQ Score, improvement in EQ-5D 
Score, improvement in Rutherford clinical category, 
improvement in Ankle-Brachial Index, clinically-driven tar-
get lesion revascularization, patency rate (Peak Systolic 
Velocity ≤3.5) and alternative patency rate (Peak Systolic 
Velocity ≤2.4) all at 6, 12 and 24 months; and minimum 
lumen diameter, net lumen gain, angiographic patency rate 
and secondary patency rate all at 1 and 2 years. Hopefully 
this and future studies, together with the growing experience 
in daily clinical practice (as in the case series described 
herein) will further defi ne the optimal treatment of in-stent 
restenosis. A subsequent step that needs to be made is to 
evaluate the cost-effectiveness of this therapy.   

    Conclusion 

 In the treatment of in-stent restenosis, debulking is prob-
ably key. There is a growing body of evidence that by 
adding drug-eluting balloon angioplasty to debulking 
results can be achieved that compare favorable to those 
described in the literature that were obtained with stan-
dard balloon angioplasty, cutting-balloon angioplasty or 
debulking alone. Especially in long and complex lesions 
(Tosaka class III) this synergy is more pronounced. 

Long-term follow-up and randomized studies are under-
way that will further defi ne the role of combined excimer 
laser and drug-eluting balloon angioplasty in the treat-
ment of in-stent restenosis.     
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      Synergistic Strategy of Laser 
Atherectomy and Drug Eluting Balloon 
Angioplasty for Treatment of In-Stent 
Restenosis in the Superficial Femoral 
Artery       

     Roberto     Gandini       and     Costantino     Del     Giudice     

            Background 

 Currently, endovascular procedure is the treatment of choice 
for femoropopliteal occlusive lesions up to 10 cm and surgi-
cal therapy is preferred for chronic total occlusions of com-
mon femoral artery and superfi cial femoral artery >20 cm 
according to TASC II [ 1 ]. Nevertheless, thanks to the results 
of multicenter trials, primary stenting diffused in common 
practice to treat claudication and critical limb ischemia due 
to femoral artery stenosis or occlusion [ 2 – 5 ]. 

 Several multicenter randomized trials compared percuta-
neous transluminal angioplasty (PTA) associated to a bailout 
stenting to primary stenting demonstrating that femoral stent 
may obtain better immediate results with a reduction of fl ow 
limiting dissection and plaque elastic recoil. 

 Although case series and single-arm studies suggested 
safe and effi cacious short-term results with nitinol stents, 
randomized trials compared to balloon angioplasty and bail-
out stenting helped to defi ne the real value of this technol-
ogy. In the 2 published randomized trials, primary stenting 
offered greater effi cacy for primary patency and clinical 
impact in longer lesions (mean length ≥130 mm) [ 2 ,  5 ] but 
not for short lesions (mean length ≤45 mm) [ 3 ]. 

 In the recent RESILIENT trial, PTA with bailout stenting 
was compared to self-expandable nitinol stenting in patient 
with claudication. Acute angiographic result was superior for 
the stent group compared with the angioplasty group (95.8 % 
versus 83.9 %; P < 0.01). Moreover At 12 months, freedom 
from target lesion revascularization was signifi cantly higher 
from stent group compared with patients treated with angio-
plasty, respectively 87.3 % versus 45.1 % [ 4 ]. 

 Even if several new devices have been introduced in the mar-
ket with improvements in design and material, several limits 

persist in superfi cial femoral artery stenting due to the occur-
rence of struts fractures, torsion, restenosis and thrombosis. 

 Restenosis remains “the Achilles’ heel” of this approach, 
with rates between 14 and 50 % reported [ 2 – 5 ]. Worse out-
comes have been reported for patients with CLI and several 
other risk factors [ 6 ]. 

 Also drug eluting stent recently introduced for treatment 
of femoropopliteal disease have a restenosis rate of about 
17 %, signifi cantly reduced compared with patients treated 
with bare-metal stents but still not negligible [ 7 ]. 

 As a direct consequence of high rates of restenosis, an 
increased number of patients have recurrence of rest pain and 
delay or arrest of ulcer healing. 

 Recently, Tosaka et al. [ 8 ] have reported results of balloon 
angioplasty for femoral-popliteal ISR, considering the rela-
tionship to pattern of restenosis. In this study they observed 
that totally occluded stents (class III) were associated with 
an increased risk of recurrent ISR, recurrent occlusion and 
surgical revascularization. Compared to the stenotic ISR 
group (classes I and II), the freedom from recurrent ISR of 
class III was remarkably low with higher occlusion rate. This 
confi rms the inadequacy of simple PTA and the need for 
more sophisticated endovascular techniques to try to obtain 
an improvement of the results in this category of patients.  

    In-Stent Restenosis Management 

 SFA stent occlusion remains a signifi cant clinical problem 
for the endovascular specialist. Often the fi rst clinical mani-
festation is the appearance of a claudication, but patients 
with CLI have more severe consequences associated with an 
increased risk of amputation and death. Stenting causes reor-
ganization of the plaque and a continuous barotrauma to the 
vessel intima which triggers complex molecular processes 
initiating smooth muscle cell migration, proliferation and 
production of extracellular matrix. The resulting intimal 
hyperplasia causes a narrowing of the lumen that leads to the 
generation of clinically detectable restenosis or occlusion. 
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 Inadequate antiplatelet therapy, a lack of response to ther-
apy, poor distal run off, elastic characteristics, length and 
fracture of the stent, excessive overlapping of multiple 
stents, inadequate stent placement with fl ow limit in fl exion, 
lifestyle and cardiovascular risk factors of the patients are 
some of the variables associated with reduced patency at 
long term follow-up in previous studies [ 9 ]. 

 Although bypass surgery is currently considered the gold 
standard for treatment of this condition, many patients, par-
ticularly diabetics with CLI, are not candidates for bypass 
surgery due to several associated comorbidities and high sur-
gical risk. Despite the occurrence of femoropopliteal stent 
occlusion in clinical practice [ 4 ,  8 ], there is limited data 
available regarding the effectiveness of endovascular inter-
ventions for this condition. 

 As previously described, Tosaka et al. demonstrated poor 
outcomes of patients treated with PTA alone, particularly in 
type II and III ISR, where this approach should be consid-
ered insuffi cient [ 8 ]. 

 These results are comparable with those of Dick et al. 
[ 10 ], who compared effi cacy of PTA and cutting balloon 
technique in the treatment femoropopliteal ISR. In this study 
length of stented SFA was 10.5 ± 8.8 cm in patients treated 
with PTA and 10.1 ± 8.1 cm in patients treated with cutting 
balloon technique without any differences between the two 
groups. Both techniques obtained excellent immediate 
results but restenosis rate was high at 6 months follow-up, 
65 % in patients treated with PTA and 73 % in patients 
treated with cutting balloon respectively. The main problem 
with this approach is that the cutting balloon angioplasty get 
improved immediate results, but does not prevent the recur-
rence intimal hyperplasia during follow-up. 

 Several authors attempted the ISR treatment using a deb-
ulking approach. The main purpose of these studies was to 
demonstrate an increase in patency obtained by removing 
intimal hyperplasia and organized thrombus rather than 
through the remodeling obtained with percutaneous angio-
plasty and stenting. Zeller et al. [ 11 ] evaluated the effi cacy of 
percutaneous directional atherectomy in 131 femoropopli-
teal occlusive lesions, of which 45 were occluded stents. In 
this study primary and secondary patency rates were higher 
in de novo lesions compared to in-stent occlusions 
(p < 0.002), and there was no difference between restenotic 
lesions and in ISR with primary patency rate at 12 months of 
a 54 %. Trentmann et al. [20] reported 68 % patency rates at 
6 months follow-up for femoropopliteal ISR with a medium 
stent length of 14.1 ± 8 cm treated by percutaneous direc-
tional atherectomy. The main limit of this approach should 
be the diffi culty to treat long stent occlusions. In fact the use 
of directional atherectomy to treat lesions longer than 15 cm 
could be challenging with long time treatment and poor 
results. Furthermore, the risk of embolic complications dur-
ing the procedure is still high. 

 Moreover directional atherectomy is characterized by an 
increased risk of distal embolization that could be consid-
ered. Drug-eluting balloons have been used for the treatment 
of ISR in the coronary initially [ 12 ,  13 ] and more recently at 
the femoral level, demonstrating preliminary positive effi -
cacy and safety results. The choice to perform a DEB angio-
plasty is based on clinical evidence of a greater infl ammatory 
response of femoropopliteal vascular district after stenting, 
compared with other elastic arteries such as the iliac ones 
[ 14 ]. The preliminary results of multicenter trials with DEB 
technology have suggested the usefulness for the treatment 
of ISR, although the initial trial included only a small num-
ber of patients with ISR (17 % of patients in the Thunder trial 
[ 15 ] and 4 % of patients in the FemPAc trial [ 16 ]). Stabile 
et al. [ 17 ] reported an experience on 39 patients with SFA 
ISR treated with DEB, demonstrating the safety and effi cacy 
of this therapeutic strategy in this kind of disease with mean 
lesion length of 82.9 ± 78.9 mm. In this trial a primary 
patency rate at 12 months of 92.1 % was obtained with lack 
of recurrent restenosis at 1 year follow-up. 

 The poor results obtained with conventional PTA associ-
ated to the encouraging outcomes obtained with debulking 
and drug eluting approaches have recently stimulated some 
authors to perform a combined approaches using laser deb-
ulking in association to drug balloon angioplasty in order to 
improve the patency of the stent with restenosis. 

 A laser debulking procedure reduces the thrombus and 
neointimal hyperplasia material within the stent decreasing 
the procedural risk of distal embolization. Moreover as pre-
viously demonstrated the laser debulking is effi cacious to 
obtain a recanalizaton of long occluded stent compared to 
the directional atherectomy. Furthermore, the debulking 
before drug eluting balloon angioplasty has many synergic 
effects, including the creation of a smooth lumen to improve 
the DEB-wall contact and the reduction in wall thickness, 
that allow a more homogenous Paclitaxel uptake in the ves-
sel wall, reducing the geopardization of the paclitaxel effect 
due to presence of neointimal hyperplasia. All these aspects 
lead to better angiographic and clinical outcomes as demon-
strated in our experience.  

    Laser Atherectomy and Drug Eluting Balloon 
Angioplasty for Treatment of In-Stent 
Restenosis: Our Experience 

 Between December 2009 and March 2011 all patients with 
SFA stent occlusion, from a cohort of 790 patients with criti-
cal limb ischemia treated in our diabetic foot care center with 
endovascular revascularization, were enrolled in a single 
center randomized study. All patients included in the study 
were poor candidate for surgical bypass (for several medical 
co-morbidities or anatomical features), not treatable with 
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local thrombolysis and with at least a patent BTK vessel. The 
diagnosis of critical limb ischemia was performed based on 
the presence of ischemic rest pain or non-healing ulcers/ 
gangrene of the foot. 

 SFA stent occlusions were treated in 24 patients using a 
combined laser debulking and drug eluting balloon angio-
plasty and in 24 patients with drug eluting balloon angio-
plasty. All patients had associated BTK lesions. 

 Table  14.1  summarizes baseline demographic character-
istics and cardiovascular risk factors.

   A dual antiplatelet therapy (Aspirin 100 mg/die and clopi-
dogrel 75 mg/die) was started 3 days before the procedure. In 
the post-procedural period, the dual antiplatelet therapy was 
continued for life. 

 All procedures were performed in dedicated angiographic 
suites under local anesthesia (Lidocainechlorhydrate 2 %) 
associated with a mild sedation, from an antegrade puncture 
of the ipsilateral common femoral artery using a 6 cm 6 F 
Radifocus introducer II (Terumo, Tokyo Japan), except in an 
obese patient with a SFA femoral occlusion at the origin, 

who was treated performing a contralateral approach. All 
patients enrolled presented with a type III ISR (total occlu-
sion) following the Tosaka et al classifi cation [ 8 ]. An initial 
intra-arterial heparin bolus (3000–5000 units) followed by a 
750–1000-U/h infusion was administered during the proce-
dure to obtain an activating clotting time >250 s. 

 A fundamental phase of the treatment was to cross the 
occluded tract to recanalize the stent. This step is particularly 
hard to perform when the occluded stent is suspended with-
out an in-fl ow and out-fl ow. For this reason an adequate pre-
procedural imaging using echo-color Doppler, magnetic 
resonance angiography and computed tomography angiogra-
phy, consistent with renal function, it is important to under-
stand if the stent is located in the intraluminal or subintimal 
(Figs.  14.1  and  14.2 ). In our experience it’s crucial to know 
the position of the stent previously implanted to perform a 
stent revascularization, as the strategy changes in the pres-
ence of an intraluminal or subintimal stent: if the stent is 
intraluminal stent, a 0.035″ hydrophilic straight-tip guide-
wire (Terumo, Tokyo, Japan) could be used to cross it 

   Table 14.1    Demographic characteristics and cardiovascular risk factors   

 Variable  Group 1 (no c  = 24)  Group 2 (no c  = 24)  p 

   Age, years ± SD a   74.1 ± 7.2  70.1 ± 11.6  NS 

   Sex, male (%)  18 (75)  21 (87.5)  NS 

  Cardiovascular Risk Factors : 

   Hypertension, no (%)  21 (87.5)  18 (75)  NS 

   Systolic blood pressure (mmHg)  138.3 ± 1.2  139.7 ± 0.3  NS 

   Diastolic blood pressure (mmHg)  75.3 ± 0.3  78.2 ± 0.4  NS 

   Smoker no (%)  17 (70.8)  15 (62.5)  NS 

   Dislipidemia (yes-%)  21 (87.5)  18 (75)  NS 

   Family CAD b  history (yes-%)  12 (50)  9 (37.5)  NS 

  Associated disease  

   Chronic renal failure (yes-%)  3 (12.5)  6 (25)  NS 

   Ischemic heart disease (yes-%)  9 (37.5)  6 (25)  NS 

   Previous cerebrovascular disease (yes-%)  6 (25)  3 (12.5)  NS 

  Symptoms and foot ulcer characteristics  

   Rest pain  5 (20.8)  4 (16.7)  NS 

   Foot ulcer  19 (79.1)  20 (83.3)  NS 

   Ulcer dimension >5 cm (no c -%)  11 (45.8)  8 (37.5)  NS 

   Infection (yes-%)  13 (54.2)  15 (62.5)  NS 

  Transcutaneous oxygen and carbon dioxide levels  

   Basal TcPO 2  d   14.5 ± 0.6  13.3 ± 0.4  NS 

   Basal TcPCO 2  e   56.7 ± 0.8  58.3 ± 1.2  NS 

  Contraindication to surgical bypass  

   Several medical comorbidities with an ASA score 3–4  15 (62.5)  9 (37.5)  NS 

   Previous failed SFA surgical bypass  3 (12.5)  5 (20.8)  NS 

   Calcifi ed SFA without distal site anastomosis  6 (25)  10 (41.7)  NS 

   a SD standard derivation 
  b CAD cardiovascular artery disease 
  c No number 
  d TcPO2 transcutaneous oxigen pressure 
  e TcPCO 2  transcutaneous carbon dioxide pressure  

14 Synergistic Strategy of Laser Atherectomy and Drug Eluting Balloon Angioplasty…



184

a

b

c

d

e

f

  Fig. 14.1    Preprocedural computed tomography angiography with volume rendering ( a ,  d ), curved ( c ,  f ) and axial view ( b ,  e ) showing an example 
of intraluminal occluded femoral stent (*) ( a – c ) and a subintimal occluded femoral stent (§) ( d – f )       
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  Fig. 14.2    A 56 years old patient with rest pain, previously treated with 
a in-traluminal femoral stenting. Preprocedural angiography showing 
an occlusion of the femoral stent at the origin and collateral fl ow from 

the deep femoral artery to the distal superfi cial femoral ( a ,  b ). Pre- 
occlusive stenosis of the distal superfi cial femoral artery ( c ). Occlusion 
of the peroneal and anterior tibial artery below the knee ( d ,  e )       
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 supported by a diagnostic catheter. If the stent is subintimal 
a fi rst attempt to recanalize the stent could be performed with 
a J tip 0.035″ guidewire supported by a 5 Fr diagnostic cath-
eter. If the guidewire fails to cross the occluded stent a dou-
ble approach with puncture of the popliteal artery or a direct 
stent puncture were performed and the recanalization could 
be achieved through a dual approach during the same proce-
dure (Fig.  14.3 ).

     In patient treated with laser debulking, a guidewire 
exchange with a 0.014″ guidewire (Pilot 300, Abbott 
Vascular, Santa Clara, CA, USA) was performed at this time 
of the procedure and a debulking of the occluded tract was 
performed with an over the wire 308-nm excimer laser cath-
eter system (Turbo Elite, Spectranetics, Colorado Springs, 
CO, USA). In all patients we used a 2.0 mm laser fi ber cath-
eter with an energy density of 40–60 mJ/mm 2  (mean 
50.6 ± 5.8 mJ/mm 2 ) and a repetition rate of 60 Hz. Three 
Laser passage were performed for each occluded stent to 
perform a debulking creating a smooth tunnel in the occluded 
stent. A better debulking procedure should be obtained with 
larger laser catheters or turbo booster technology, but a suf-
fi cient plaque excision was obtained, as confi rmed by our 
results, without the need to increase post procedural bleeding 
risk using larger femoral sheaths (Fig.  14.4 ).

   After debulking a low pressure PTA was performed with 
4–6 mm conventional catheter balloon for at least 1 min, 

 followed by a 5–7 mm DEB angioplasty with a standardized 
infl ation time of 1–2 min. No distal fi lter protection were 
used considering the reduced embolic risk using the laser 
debulking. 

 In patients treated with DEB angioplasty alone, the 0.035 
guidewire was maintained and only a low pressure PTA and 
DEB angioplasty were performed using the same kind of cath-
eter balloons used in the other group (Figs.  14.5  and  14.6 ).

    In our experience no differences were observed in terms 
of baseline demographics and cardiovascular risk factors in 
the two groups. Mean length of the treated stent was similar 
in both group (respectively 20 ± 10.1 cm in group 1 and 
23.3 ± 9.1 cm in group 2; p = NS). Treated lesion length was 
22.4 ± 9.4 in group 1 vs 25.9 ± 8.7 in group 2 respectively 
(p = NS). 

 Procedural success was obtained in all patients. Stents 
were re-canalized with an antegrade intraluminal approach 
in 41 patients (85.4 %), respectively 20 in group 1 and 22 
patients in group 2 (p = NS). In 1 patients (4.1 %) in group 1 
and 1 patients (4.1 %) in group 2 a retrograde recanalization 
of the stent through puncture of the popliteal artery was per-
formed. In 3 patients (12.5 %) in group 1 and 1 patients 
(4.1 %) in group 2 a puncture of the stent with a combined 
double approach was performed. An SFA re-stenting was 
performed in 2 patients (8.3 %) in group 1. No further stents 
were released in group 2 at the end of the procedures. 

a b c d

  Fig. 14.3    Recanalizazion of the occluded stent using a straight 0.035″ guidewire supported by a 5Fr diagnostic catheter ( a – d )       
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a b c d

  Fig. 14.4    0.014″ guidewire exchange ( a ) and laser debulking of the occluded stent ( b ,  c ) with a angiography showing the smooth channel created 
by the Excimer laser catheter ( d )       

a b c d

  Fig. 14.5    Percutaneous angioplasty of the pre-occlusive distal stenosis ( a ) and the recanalized stent using a common ( b ,  c ) and Paclitaxel eluting 
balloon ( d )       
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 Immediate angiographic results were similar in both 
groups, without any difference in term of runoff score. 
Procedural variables, deug eluting balloon and laser param-
eters and complications are reported in Table  14.2 .

   No adverse events related to laser debulking or the drug 
coating were recorded in either group. Ultrasound control 
showed a primary patency rate of 100 % at 1 month follow-
 up in both groups (p = NS). At 6 and 12 months the patency 
rate was signifi cantly higher in patients treated with LD and 
DEB compared to DEB alone (respectively 91.7 % and 
66.7 % in group 1 and 58.3 % and 37.5 % in group 2, 
p = 0.01). 

 TLR at 12 months follow-up was 16.7 % in group 1 and 
50 % in group 2 (p = 0.01). 

 These technical results were confi rmed by clinical out-
comes that showed improved results in term of amputation, 
ulcer healing and death in patients treated with the combined 
laser debulking and drug eluting balloon angioplasty. Two 
patients (8.3 %) treated with the combined treatment plan 
(LD and DEB angioplasty) needed major amputations at 4 
and 8 months FU. In contrast, 11 patients (45.8 %) in the 
group 2 cohort (DEB alone) were subjected to major ampu-
tations for extensive gangrene at a mean time to amputation 
of 5 months FU (p = 0.003). 

 Healing of the foot ulcer was recorded in 17 patients of 19 
patients (89.4 %) in group 1 and 11 patients of 20 patients 
(55 %) in group 2 (p = 0.03). Three patients (12.5 %) died in 
group 1 during the 12 months follow-up for myocardial 
infarction. Nine patients (37.5 %) in group 2 died during the 
12 months follow-up (7 due to myocardial failure, 1 from 
stroke and 1 from sepsis), 6 of whom had previously under-
gone major amputations. this studies in literature. 

 Many studies in the literature have focused on primary 
patency of the femoral stents but little is known on the effec-
tiveness and results of treatment after occlusion and resteno-
sis. Particularly in patients with critical limb ischemia, the 
use of stents should be limited where necessary, as in the 
case of occlusion of a stent, the prognosis is worse inevita-
bly. Our experience suggest the usefulness of a complete 
approach using a laser debulking associated to drug eluting 
balloon angioplasty to treat complex cases as in stent reste-
nosis and occlusions. 

 The future results of the currently enrolling PHOTOPAC 
study (Photoablative Atherectomy Followed by a Paclitaxel 
Coated Balloon to Inhibit Restenosis in In-stent Femoro- 
popliteal Obstructions) will help strengthen the utility of 
laser debulking in combination with balloon angioplasty in 
the treatment of medicated stent restenosis.     

a b c d

e

  Fig. 14.6    Postprocedural angiography showing the treatment of the femoral artery ( a ,  b ) without any distal embolization ( c – e )       
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      In Situ Laser Fenestration During 
Thoracic Endovascular Aortic Repair       

     Richard     E.     Redlinger     Jr.      ,     Sadaf     S.     Ahanchi      , 
and     Jean     M.     Panneton     

            Introduction 

 Acute pathologies of the descending thoracic aorta can 
involve the left subclavian artery, complicating the proxi-
mal landing zone during thoracic endovascular aneurysm 
repair (TEVAR). Involvement of the left subclavian can 
mandate either traditional open repair or TEVAR with cov-
erage of the left subclavian artery with or without revascu-
larization. Emergent open repair for acute aortic pathology 
confers mortality rates approaching 20 %, and signifi cant 
morbidity, including an 18.6 % post-operative spinal cord 
ischemia rate [ 1 ,  2 ]. Early experience with intentional 
endograft coverage of the left subclavian without revascu-
larization was thought to be a viable alternative to extend 
the applicability of TEVAR in this setting of great vessel 
encroachment [ 3 ]. Unfortunately, expanding experience 
with intentional left subclavian artery coverage without 
revascularization has been found to portend a signifi cantly 
increased risk of subclavian steal syndrome, arm claudica-
tion, vertebral territory stroke, and spinal cord ischemia by 
eliminating collateral blood supply to the spinal cord from 
the vertebral artery [ 4 ,  5 ]. 

 As such, obtaining an adequate proximal seal without 
compromising left subclavian artery patency has remained 
an important challenge as TEVAR experience increases and 
expands. Adjunctive options to revascularize the left 
 subclavian artery include elective debranching prior to 
TEVAR, the chimney technique by deploying a left subcla-
vian stent parallel to the thoracic endograft, prefabricated 
branched endograft deployment, or surgeon modifi ed 
 endografts [ 6 – 9 ]. Elective bypass to or transposition of the 

left subclavian often requires long operative times and 
the need for multiple surgical interventions if staged endo-
grafting is planned. Open subclavian revascularization per-
formed as an adjunct to TEVAR has been reported to carry a 
30-day postoperative stroke and combined stroke/death rates 
of 8.9 % and 12.9 %, respectively [ 10 ]. Open revasculariza-
tion also has the potential for vocal cord paralysis and injury 
to the thoracic duct, brachial plexus, and phrenic nerve. Pre-
fabricated, patient customized devices require extensive 
planning with precise preoperative imaging, time for graft 
manufacturing, and are currently not commercially available 
in the United States. For this reason, these modalities are 
often not advisable or feasible for patients presenting with 
acute thoracic aortic pathologies requiring emergent repair. 

 The limited options to maintain left subclavian artery 
patency in the setting of TEVAR in an urgent or emergent 
setting has led to the technique of a physician modifi ed endo-
graft utilizing retrograde laser fenestration to revascularize 
the left subclavian during zone II deployment [ 11 ]. This rela-
tively simple intraoperative method of laser-mediated endo-
graft modifi cation provides a rapid, reproducible method of 
fenestrating the endograft material to revascularize aortic 
branches for a variety of acute thoracic aortic pathologies.  

    Ex Vivo Experiments 

 Laser fenestration of the Dacron fabric of a Talent stent-graft 
(Medtronic Vascular, Santa Rosa, CA, USA) was fi rst 
described by Murphy et al. in bench-top experiments. In their 
description, a 2.3-mm fenestration was created that main-
tained the integrity of the surrounding Dacron fabric even 
after balloon dilation of the laser-cut opening [ 12 ]. These 
results were then replicated by our facility to verify feasibility 
prior to clinical application. These tests demonstrated a clean 
and sealed 2.5–3-mm fenestration created within 3–5 s after 
application of laser energy (45 mJ/mm 2  fl uence at a rate of 25 
pulses per second) using a 2.0–2.5-mm Turbo Elite laser 
 catheter (Spectranetics, Colorado Springs, CO). The gross 
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integrity of the fabric was maintained even after balloon dila-
tion and stent placement [ 11 ]. During ex vivo experiments of 
laser and endograft interactions, the laser beam was also 
noted to defl ect off the nitinol stents of the endograft. The 
nitinol stents were examined after laser energy exposure, and 
their integrity also remained grossly intact. Furthermore, the 
gross integrity of the fabric was maintained after balloon dila-
tion and stent placement (Fig.  15.1 ).

   Collaborative work from our institution additionally 
examined the microscopic alteration to endograft fabrics fol-
lowing laser fenestration [ 13 ]. The Medtronic Valiant endo-
graft, made of nitinol stents and monofi lament woven Dacron 
fabric, and the Cook Zenith TX2 (Cook Inc., Bloomington, 
IN) comprised of stainless steel stents and multifi lament 
woven Dacron fabric were subjected to laser fenestration. 
The fenestrations were subsequently dilated with 8, 10 or 
12-mm diameter angioplasty balloons. The fenestrations 
were then observed under light and scanning electron 
microscopy. The fenestrations were shown to be reproduc-
ible in both Dacron-based endograft devices, but both 
devices demonstrated elements of fraying (more with the 
multifi lament TX2) and/or tearing (more with the monofi la-
ment Valiant). The size and directions of the fenestrations 
were more predictable with the 8-mm diameter balloon 
whereas the results obtained with the 10 and 12-mm diame-
ter balloons were more dispersed. The diameter of balloon 
used for dilation of the laser fenestration was felt to play the 
most important role to control the overall size of the graft 

fenestration. The larger sized 10 and 12 mm balloons were 
felt to be more likely to lead to a long tear of the graft fenes-
tration, which could damage the structural integrity of the 
endograft.  

    Initial Descriptions of Branch Vessel 
Fenestration 

 The recognized clinical benefi t for aortic branch vessel revas-
cularization led to an exploration for alternative techniques 
for graft modifi cation, McWilliams and colleagues fi rst eval-
uated percutaneous in situ graft fenestration and found it to be 
a promising avenue for endograft modifi cation [ 9 ]. In both an 
in vitro and an in vivo canine model, fenestration of a Dacron 
stent-graft was found to be technically feasible. Initial graft 
puncture was performed with the stiff end of a 0.014-inch 
coronary guidewire followed by fabric dilation with a cutting 
balloon to create a fenestration. The authors recognized that 
an immediate application of this technique would be fenestra-
tion of the left subclavian artery when covered intentionally 
to extend the neck of a thoracic aneurysm. The same authors 
expounded upon this experience with the fi rst clinical report 
of in situ graft fenestration after deliberate coverage of the left 
subclavian artery during TEVAR. Short-term follow-up dem-
onstrated technical success with stent patency on imaging and 
a symmetrical upper extremity blood pressures following left 
subclavian fenestration [ 14 ]. 

a b

  Fig. 15.1    ( a ) Ex vivo application of laser energy to a Dacron endograft demonstrated a clean and sealed fenestration ( b ) gross fabric integrity was 
maintained after balloon dilation and covered stent placement       
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 Murphy et al. expounded on the premise of endograft 
modifi cation to maintain aortic branch vessel patency with 
the fi rst description of percutaneous in situ laser graft fenes-
tration to rescue a left subclavian artery covered during 
repair following blunt traumatic aortic injury [ 12 ]. The 
authors described a 26-year-old man with a partially con-
tained acute aortic transection just distal to the takeoff of the 
left subclavian artery following blunt chest trauma. The 
operating surgeon elected to perform thoracic endografting 
with in-situ graft fenestration to decrease the risk of poste-
rior circulation stroke, spinal cord ischemia, and subclavian 
steal syndrome. A laser catheter was advanced through the 
left subclavian to fenestrate the Dacron thoracic stent-graft 
endograft and the fenestration was dilated and stented with 
a covered stent. Follow up of this initial case report docu-
mented uneventful patient recovery with TEVAR and left 
subclavian artery patency on follow-up imaging. The 
authors expounded that retrograde fenestration of the left 
subclavian artery combined with endovascular repair 
extended the indications of TEVAR for the management of 
acute traumatic thoracic aortic injuries to further minimize 
the risks associated with traditional open surgical repair in 
this setting.  

    In Situ Fenestration Technique & 
Considerations 

 The authors’ experience employing TEVAR with retrograde 
laser fenestration to revascularize the left subclavian artery 
has been utilized thus far in an urgent or emergent basis sec-
ondary to unremitting symptoms or rupture on a compas-
sionate use basis after proper informed consent of patients. 
Emergent cases were generally performed within hours of 
patient presentation while urgent cases varied in timing, as 
these patients underwent repair following an initial, failed 
attempt at medical management and ultimately were deemed 
to require urgent operative intervention. 

 For in situ laser fenestration during TEVAR, pre- operative 
computed tomography (CT) scan with 3D reconstruction is 
very helpful with pre-operative planning. CT scan measure-
ments should be used to document the length and diameters 
of the aorta and the left subclavian artery, identify the takeoff 
of the vertebral artery from the left subclavian and to fully 
understand the arch anatomy. These measurements then 
guide the selection of endograft and left subclavian stent 
diameters and lengths in preparation for the procedure. The 
proposed location of the fenestration on the endograft and its 
fi nal relationship within the aortic arch can also be predicted. 
During our experience, we have found that in addition to the 
routine measurements gathered during TEVAR, preoperative 
analysis of the angle of the left subclavian artery to the aorta 
is also helpful to predict technical feasibility of fenestration, 

with the optimal angle of the laser (and as such the subcla-
vian artery) oriented 90° to the endograft fabric. Routine pre- 
operative intracranial imaging is not mandatory, but carotid 
duplex ultrasound can be obtained pre-operatively to deter-
mine patency or dominance of the vertebral arteries. 

 Once in the operating theater, we obtain open femoral 
artery access, percutaneous contralateral femoral artery 
access with a 5 French sheath, and fi nally left brachial artery 
access (either open or percutaneously) proximal to the ante-
cubital fossa with a 7 or 8 French sheath. Intravascular ultra-
sound (IVUS) is performed to measure the proximal normal 
aorta, mark the location of arch vessels, and in the setting of 
aortic dissection to verify true lumen location and localize 
the entry tear of the dissection. The remainder of the aorta 
from the left subclavian distally is then inspected with IVUS 
noting the location of the visceral vessels. 

 An 8 French Lamp sheath (St. Jude Medical, St. Paul, 
MN) with preformed angle at the tip is placed via retrograde 
left brachial artery access at the ostium of the left subclavian 
artery. A 2.0–2.5-mm Turbo Elite laser catheter (Spectranetics, 
Colorado Springs, CO) is placed at the ostium of the left sub-
clavian over a 0.018-inch Platinum Plus wire (Boston 
Scientifi c, Natick, MA) (Fig.  15.2 ).

   Both the sheath and laser catheter are positioned prior to 
stent graft deployment and within minutes the laser fenestra-
tion is performed, limiting potential ischemia time to less 
than 5 min in a majority of cases. Thoracic endografts 
deployed in our experience have been either Medtronic 
Talent/Valiant or Cook TX2 stent-grafts. The endograft is 
inserted into the aorta over a stiff wire and an angiogram is 
performed to mark the location of the arch vessels. The 
endograft is then deployed after positioning the fabric of the 
endograft in the appropriate landing position based upon 
the arch anatomy. The proximal bare metal stent portion of 
the endograft is released allowing removal of the delivery 
system. Next, judicious use of multiple C-arm projections is 
performed to verify the most perpendicular angle of the 
sheath and laser fi ber to the endograft material prior to laser 
fenestration (Fig.  15.3 ). This maneuver ensures that the laser 
fi ber is aligned appropriately with the endograft and is facili-
tated by the preformed lamp sheath.

   The laser fi ber is gently advanced to make contact with 
the deployed Dacron endograft, followed by laser energy 
application (45 mJ/mm 2  fl uence at a rate of 25 pulses per 
second) for 3–5 s to create the fenestration. The 0.018-inch 
wire is then advanced through the laser catheter and fenes-
tration into the main endograft lumen and the laser fi ber is 
removed. A Quick-Cross support catheter (Spectranetics, 
Colorado Springs, CO) is then advanced into the ascending 
aorta from the brachial access. This catheter is then used to 
carefully exchange for a stiff 0.035″ wire while maintaining 
brachial sheath position (Fig.  15.4 ). The endograft 
 fenestration is then pre-dilated using a 6-mm balloon. Again, 
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a b

  Fig. 15.2    ( a ) The laser catheter is placed at the ostium of the left sub-
clavian artery perpendicular to the endograft over a 0.018-inch wire. To 
create a clean, circular fenestration, the laser fi ber should ideally be 

oriented at a 90° angle to the endograft. ( b ) Laser energy is applied in 
conjunction with gentle laser to endograft contact pressure for 3–5 s       

  Fig. 15.3    The judicious use of multiple C-arm projections is essential to verify the most perpendicular angle of the sheath and laser fi ber to the 
endograft material prior to laser application. This maneuver ensures that the laser fi ber is aligned appropriately with the endograft fabric       
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multiple angiographic projections are used to verify the cor-
rect position of the fenestration and balloon. This is fol-
lowed by deployment of an 8- to 10 × 38-mm 
balloon-expandable iCAST covered stent (Atrium, Hudson, 
NH). The stent is deployed approximately one quarter into 
the endograft lumen and three quarters into the branch ves-
sel being aware of the position of the vertebral artery. The 
intra-endograft portion of the covered stent is then fl ared 
using a 14 × 20-mm balloon introduced from the brachial 
access. Finally, completion aortography is performed to 
confi rm endograft and LSA fenestration patency without 
endoleak (Fig.  15.5 ).

    The most important factor that will determine technical 
ease and success of laser fenestration is the angle of the LSA 
takeoff from the aortic arch. To create a clean, circular fenes-
tration the laser fi ber ideally must be oriented at a 90° angle 
to the endograft and too acute an angle (<30°) will not allow 
the fenestration to be created. This anatomic scenario should 
preclude in situ laser fenestration. Other unfavorable ana-
tomic criteria that are contraindications for the use of this 
technique include: subclavian artery origin dilatation greater 
than 12-mm (which would be greater than the size of the 
largest available iCast covered stents and compromise seal), 
a low vertebral artery take off not allowing for an appropriate 

landing zone for the covered stent and involvement of the left 
subclavian artery by dissection or aneurysmal disease.  

    Laser Fenestration Results 

 Our published institutional experience reported TEVAR with 
in situ retrograde laser fenestration of the left subclavian artery 
successfully performed on 22 patients in an urgent or emer-
gent setting [ 15 ]. The indications for TEVAR included large 
symptomatic thoracic aortic aneurysm, acute symptomatic 
type B aortic dissection and intramural hematoma and/or pen-
etrating aortic ulcer. Four of these patients had evidence of 
aortic rupture. All 22 patients underwent technically success-
ful TEVAR. The proximal graft through which the fenestration 
was created was a Medtronic Talent or Valiant endograft in 19 
of the 22 patients, while in the remaining 3 patients the fenes-
trated graft was a Cook TX2. An average of two endografts 
(range 1–4) were placed during TEVAR, with 18 patients hav-
ing multiple endografts placed. The left subclavian iCAST 
covered stents that were deployed ranged in diameter from 8 
to 10 mm. The mean operative time for TEVAR with laser fen-
estration was 154 ± 65 min with an average of 20 min of the 
total case time required for obtaining brachial access, fenestra-
tion of the graft and LSA stent deployment. 

 Percutaneous left brachial artery access was performed in 
8 patients and the remaining 14 patients underwent open left 
brachial exposure. While there were no major in situ laser 
fenestration related operative complications, the two minor 

  Fig. 15.4    Once laser fi ber contact with the Dacron endograft is con-
fi rmed, laser energy is applied to create the fenestration. An 0.018-inch 
wire is advanced through the laser catheter and fenestration into the 
endograft lumen. A Quick-Cross support catheter is then advanced into 
the ascending aorta from the brachial access to carefully exchange for a 
stiff 0.035″ wire, while maintaining brachial sheath position       

  Fig. 15.5    The iCAST stent is deployed from the brachial access 
approximately one quarter into the endograft lumen and three quarters 
into the branch vessel with the intra-endograft portion of the covered 
stent fl ared with an angioplasty balloon introduced from the brachial 
access. Completion aortography confi rms endograft and left subclavian 
fenestration patency without endoleak       
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operative complications noted in our series were related to 
brachial artery access. These two patients required early 
post-operative re-intervention in the form of exploration and 
repair of a left brachial artery following percutaneous access 
and evacuation of both a groin and left arm hematoma in a 
patient who had open left brachial access. 

 Our mid-term follow at a mean of 11 months has found 
100 % primary patency of the left subclavian artery stents as 
demonstrated by routine follow up CT angiogram imaging 
(Fig.  15.6 ). There is one patient with an asymptomatic left 
subclavian stent stenosis. Re-intervention was required in 
two patients noted to have type II endoleaks from the left 
subclavian artery. Both of these patients underwent success-
ful endovascular coil embolization via combined percutane-
ous femoral and brachial artery access. Endoleak obliteration 
after re-intervention was confi rmed with completion 

angiography and follow-up CT angiogram. There were no 
fenestration- related Type I or III endoleaks. There have been 
no left arm claudication symptoms or vertebral basilar symp-
toms on follow up examination in any of the patients with 
retrograde LSA fenestration.

       Conclusion 

 The technique of in situ retrograde laser fenestration 
offers a relatively simple, rapid and reproducible method 
of in vivo endograft modifi cation during emergent 
TEVAR that can be applied in a spectrum of acute tho-
racic aortic pathologies. The high technical success, low 
fenestration-related morbidity, and excellent mid-term 
patency support this technique of intraoperative emer-
gency endograft modifi cation in the absence of available 
branched devices for arch deployment.     

  Fig. 15.6    A representative CT scan obtained at 39-month follow-up CTA after in situ retrograde laser fenestration demonstrates left subclavian 
artery stent patency, without evidence of endoleak, and stable aortic size       
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Laser Catheter Ablation of Cardiac 
Arrhythmias: Experimental and Basic 
Research and Clinical Results

Robert Splinter

 Introduction

Worldwide the two main causes for macro-reentry ventricu-
lar arrhythmias are coronary artery disease and associated 
post-infarction ischemia and Chagas’ disease. Post myocar-
dial infarction (MI) ventricular tachycardia (VT) is the lead-
ing clinical concerning the northern hemisphere. Atrial 
diseases also cause arrhythmias, primarily resulting from 
anatomical anomalies along the long axis of the crista termi-
nalis in the right atrium, next to cell-to-cell coupling delays 
at the root of the coronary sinus, as well as electrical distor-
tions at the root of the pulmonary vein of the left atrium, next 
to a minority of random diffuse anatomical damage in non- 
specific locations of the atrial tissue in less than 30 % of the 
patient population. All result in various forms of atrial fibril-
lation [1]. Additionally, both ventricular and atrial fibrilla-
tion can be treated in specific fashion, particular to the 
anatomic and/or electro-physiologic data that can be obtained 
from imaging and sensing [2].

In general, the guidelines for patients with arrhythmo-
genic episodes resulting from either non-ischaemic cardio-
myopathy (NICM) or ischaemic cardiomyopathy (ICM) 
single out the biological integration of an implantable 
cardioverter- defibrillator (ICD). These patients are at risk for 
sudden cardiac death and require treatment. The ICD 
imposes several constraints on the life-style of the recipient. 
A more permanent solution would be beneficial and improves 
the quality of life.

Cardiac arrhythmias are the direct result of an ana-
tomical, and consequently physiological, disruption of the 
three- dimensional depolarization path in the cell-to-cell 
communication of the myocardial muscle tissue. The elec-
trical communication pattern is generally identified from 
electrical activation mapping by means of a multi-pole 

 electro- cardiogram (ECG), as illustrated in Fig. 16.1. The 
multiple electrodes may be attached to a sock, which can be 
placed over the epicardium of the heart during open-chest 
surgery for high resolution depolarization tracking, or alter-
natively by transcatheter mapping from the endocardial side 
during minimally invasive electro-physiologic examination. 
During open-chest surgery there may also be visual indica-
tions that reveal cell damage resulting from (post-infarction) 
myocardial scarring or margins from an aneurysm.

The quality of life for a person with arrhythmias, in par-
ticular ventricular tachycardia (VT) is generally compro-
mised and specifically the treatment with a pace-maker or 
cardiac-defibrillator can place significant constraints on the 
freedom of movement of the individual.

Ventricular arrhythmias resulting from infections by the 
Trypanosoma cruzi parasite are prevalent in South American 
countries, with increasing occurrences around the world [3]. 
Post-myocardial infarction tachycardias and the ventricular 
arrhythmias in Chagas’ disease share significant similarities. 
Both are macroreentrant circuits, involving any myocardial 
wall segment (not limited to the endo- or epicardial surface), 
and are entrainable. The Chagasic patient population gener-
ally tends to be younger than patients with post-MI VT, and 
due to the aetiology, have a higher left ventricular ejection 
fraction. Chagasic myocarditis can result in the modification 
of cell-to-cell communications within the electrophysiologic 
substrate that show potential of developing fatal VT’s that 
closely resemble the effects of coronary infarct damage. A 
person with Chagas Disease may receive a heart-transplant, 
but this offers only a temporary solution. The Trypanosoma 
cruzi parasite will nevertheless revive and the same inflam-
matory scenario will follow thereafter with associated 
arrhythmias. Additionally, the use of endo and epicardial 
radio-frequency (RF) ablation still leaves a lot to be desired 
with respect to elimination of VT’s for Chagasic patients [4].

Ventricular Tachycardia (VT) and other arrhythmias can 
result in disabling symptoms at unpredictable times. 
Arrhythmias can disrupting the patients’ lives, next to 
 mortality. An implantable cardiac defibrillator (ICD) on the 
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Fig. 16.1 Representative depolarization vector revolution based on 
simulated 12-point ECG recording for a normal heart. (a) SA-node fir-
ing followed by atrial depolarization leading to AV-node conduction 
and initiation of ventricular depolarization from the HIS bundle, (b) 
ventricular depolarization wavefront propagation, (c) depolarization 

progression and associated depolarization vector gyration, (d) comple-
tion of depolarization process, end systolic, (e) hypothetical re-entry 
path resulting from a localized aneurysm, with depiction of deviation in 
depolarization vector orientation path as curve with long dashes, in 
comparison to the ‘healthy’ dotted line
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other hand may still require ongoing medical treatment and 
may not be considered a cure. Specifically, the arrhythmo-
genic substrate remains unchanged although the treatment 
effectively terminates ventricular arrhythmias. Patients may 
still be at risk of an arrhythmia, involving unconsciousness 
or cardiac arrest. Patients may no longer have all driving 
privileges removed when wearing an ICD, however recipi-
ents must still be required to abstain from driving for up to 
6 months following any shock administered by their device.

In general, cardiac arrhythmias can be attributed to the 
following four types of processes: (1) Ventricular arrhyth-
mias, (2) Atrial arrhythmias, (3) atrial and ventricular fibril-
lation and (4) Sinus node depolarization rate [5–9].

Therapeutic arrhythmia applications currently available, 
next to implanted cardiac pacemaker or defibrillator, are the 
following (but not limited to, or combinations of) six thermal 
and mechanical treatment mechanisms: chemical ablation; 
cryo-ablation; electrical ablation (specifically Direct-Current 
or Radio-Frequency respectively micro-wave heating), laser 
photo-ablation, surgical intervention, and ultrasonic heating 
[8, 10, 11]. Additional treatment options are available as 
well, such as pharmacological intervention. Specifically, 
laser coagulation will be discussed as a viable and verified 
treatment option [12, 13].

The use of conversion of light into thermal energy pro-
vides a mechanism to achieve tissue coagulation. Targeted 
thermal denaturation can be used to electively modify the 
electrophysiological properties of excitable cells as well as 
alter the passive electrical conductivity of diseased tissues.

When targeting diseased tissues in a discriminatory fashion 
by means of directional light delivery and/or suitable wavelength 
selection, a therapeutic application can selectively remove 
unwanted electro-chemical components from within the cardiac 
muscle. It is frequently virtually impossible to selectively target 
and treat only the diseased tissue, both from an anatomic and 
from an optical delivery standpoint. The differences in optical 
properties between healthy and diseased tissues are not funda-
mentally large enough to generate a statistically significantly dif-
ferent temperature rise in the respective tissues to selectively 
destroy the diseased tissues while salvaging the healthy tissues 
that are fully integrated from an anatomical standpoint. The goal 
is now to minimize the tissue volume that is raised to coagulation 
temperature to the segment containing most, and preferably all, 
of the diseased tissues that are involved in the modified depolar-
ization path-way, while concurrently minimizing functional 
damage to the surrounding healthy cardiac muscle tissue.

In this chapter the mechanism of action and the positive 
clinical results from irradiation of arrhythmogenic foci by 
means of Neodymium: Yttrium Aluminum Garnet laser 
(Nd:YAG, operating at a wavelength of 1064 nm) and several 
diode laser sources, also operating in the near-infrared, pro-
viding the laser photocoagulation for therapeutic practices is 
described.

 The Origins of Cardiac Arrhythmias

Tissues identified as the arrhythmogenic foci are segments 
with electronic transmission with enough delay to hold the 
depolarization signal past the repolarization period of the 
cardiac cells bordering the diseased volume, and subse-
quently induce re-entry of the original depolarization during 
intra-cellular communication.

Slow intra-cellular communication may result from inte-
gration of collagen strands within the cardiac muscle. 
Historically anatomical locations of scar tissue and fibrosis 
discovered during open-chest surgery have been associated 
with the initiation and formation of arrhythmias. The recog-
nition of anatomic substrates may require full open-chest 
surgery, or the use of high-resolution imaging (e.g. MRI, 
ultrasound). Collagen results from cell-death in response to 
deprivation of blood-flow. Other causes of collagen forma-
tion are found in parasitic and viral infections, specifically 
the infiltration by the parasite Trypanosoma cruzi [3]. An 
illustration of the biologically and anatomically diverse tis-
sue composition in fibrotic myocardium is presented in 
Fig. 16.2. The respective tissues all have specific biological, 
electrical, mechanical and optical characteristics.

There are several ways of locating the target tissues; under 
exposed heart by means of visual identification of pathologi-
cal regions, under electrophysiologic monitoring (both open 
chest and closed chest), as well as under Magnetic Resonance 
Imaging (MRI) [14] and by means of ultrasound [11]. Atrial 
arrhythmias can also be localized by intravascular echocar-
diography (ICE), primarily based on the anatomy and 

Fig. 16.2 Illustration of the complex and heterogeneous tissue assem-
bly in fibrotic myocardium. The collagen and fatty tissues will have 
different electrical propagation characteristics as well as unique optical 
characteristics
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 pathology of the diseased tissues [1]. After localization of 
anatomical markers the placement of an electrophysiology 
catheter may be required for verification of target location, if 
possible.

During both open chest surgery and via minimally inva-
sive closed-chest transcatheter techniques, electrophysio-
logic measurements can provide the physiologic path of 
propagation for the depolarization pathway, and the loca-
tions of delay that may result in re-entry of the depolariza-
tion wave. Based on electrophysiologic feedback the 
physiologic and anatomic origins of arrhythmogenic foci can 
be identified with a high degree of accuracy in location and 
pathological impact. Tissues with modified electronic trans-
mission that can sustain enough delay to induce arrhythmias 
can selectively be treated. The electrical insulation by the 
non- depolarizing diseased tissue matrix may still provide 
passive conduction, however delayed.

There are four specific therapeutic applications related to 
arrhythmogenic phenomena: (1) ventricular ablation of arrhyth-
mogenic foci [15], (2) ablation of atrial fibrillation; by means of 
the inscription of a maze pattern or by isolation of the pulmo-
nary vein [16], (3) modification of the atrio- ventricular node in 
signal transmission [17], and (4) limiting the firing rate of the 
sinus-node [18]. Additional treatment options do also exist but 
are outside the main focus of this discussion.

 Electrophysiologic Diagnostic Modalities 
for the Determination of the Origins 
of Arrhythmias

The methods available for electrical activation mapping are a 
direct function of accessibility. During open chest surgery 
the heart is exposed and a multi-electrode sock may be 
wrapped around the heart for full instantaneous surface 
depolarization wavefront propagation recording.

Additional details may be obtained by plunge-needle 
electrodes, providing a three-dimensional depolarization 
wavefront propagation investigation, revealing potential 
invisible sub-surface volumes of diseased, slow conducting 
tissues. A representative depolarization wavefront progres-
sion and associated three-dimensional ECG in ischemic 
myocardium measured by plunge-needle mapping is illus-
trated in Fig. 16.3.

During minimally transcatheter diagnostics only the 
endocardial surface is fully accessible, however trans- 
coronary electrode placement can add location specific epi-
cardial depolarization data if needed. Apart from 
electrophysiologic mapping from the coronaries additional 
“non-restrictive” depolarization sensing has been performed 
with transthoracic epicardial mapping [4].

The use of multi-pole electrodes, such as the use of a “bas-
ket mapping” catheter can capture an instantaneous surface 

wavefront. A graphical representation of a deployed “basket” 
catheter with 254 electrodes is shown in Fig. 16.4. 
Alternatively, a linear array of electrodes only provides a one-
dimensional surface impression of the line of propagation.

Generally, the level of diagnostic detail will depend on the 
number of electrodes used in the mapping device for instan-
taneous recordings, and their respective spacing. During 
patient examination standard twelve-lead chest electrode 
ECG is usually performed in combination with transcatheter 
mapping, if not minimally a three-point ECG. The 12 lead 
ECG provides extensive detail about the time-resolved “rev-
olution” of the depolarization-vector which can be used to 
identify deviations in the vector movement resulting from 
locations in the heart with deviating cell-to-cell transmission 
and hence elude to potential arrhythmogenic foci, as illus-
trated in Fig. 16.1 for the average depolarization path and 
derived vector [5]. During catheter mapping (EP-catheter) 
with only two to four electrodes it will be required to repeat-
edly move the EP catheter and analytically link the latest 
recoding to a reference point established in the prior mea-
surement for full high-resolution location specific diagnostic 
identification of the arrhythmogenic foci.

In order to obtain feedback during endocardial energy 
delivery for coagulation of arrhythmogenic foci the use of the 
coronary vessels can provide electrophysiologic information 
about the progress of the signal degradation. Specifically the 
use of the coronary sinus to access the epicardial surface of the 
left ventricle has proven beneficial [19].

Atrial fibrillation has been identified by anatomical char-
acterization, generally followed by electrophysiologic verifi-
cation [1, 2, 20]. Traditionally, atrial fibrillation has been 
treated by the maze-procedure during open-chest surgery 
[16, 10]. With new information based on clinical experience, 
the specific anatomical landmarks in the atria that have been 
identified as primary potential locations of arrhythmogenic 
foci are the attachment of the superior vena cava, or the root 
of the pulmonary vein, the tricuspid annulus or the Crista 
Terminalis, which are subsequently verified by electrophysi-
ologic mapping as standard procedure for treatment. The 
later methods can be performed by transcatheter approach.

 The Available Treatment Options 
for Arrhythmias

Depending on the type and persistence of the arrhythmia the 
following anatomical and respective functional zones can be 
treated: (1) the ventricular wall (predominantly left ventricle), 
(2) atrium (both left and right), (3) atrio-ventricular node, and 
(4) sinus-node. Traditionally arrhythmias have been treated by 
surgical means, removing or circumventing the anatomical 
substrate essential to the cause for the arrhythmia. Wolf-
Parkinson-White syndrome has primarily benefitted the most 
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Fig. 16.3 Instantaneous three-dimensional ventricular depolarization 
in a region affected by a coronary occlusion. (a) Placement outline of 
plunge needles, (b) detail of electrode arrangement, (c)  three- dimensional 

ECG map of the ventricular section, illustrating th drastic delay as the 
preferential location for treatment by laser photocoagulation
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from the surgical approach [21]. Not all post-infarction ven-
tricular tachycardias can be attributed to the presence of dis-
crete fibrotic regions within the ventricular wall. For that 
matter, the reentry-pathways may be deep in the ventricular 
wall, out of sight or out of reach from certain mechanisms 
used for modification of the electrical depolarization or 
delayed conduction. Over the years several ablative techniques 
have been developed to alter the depolarization path to achieve 
synchronization of the total ventricular depolarization with the 
refractory period. Specifically, drug-resistant tachy-arrhyth-
mias present a special challenge. The available treatment 
options next to surgical intervention are the following: phar-
macologica therapy, chemical ablation, next to a range of ther-
mal applications, including but not limited to: cryo-ablation, 
electrical ablation (ranging from Direct-Current, to Microwave 
and Radio-Frequency), laser photocoagulation and ultrasonic 
heating and coagulation. Each thermal mechanism has its own 
active or passive mechanism-of-action, where passive heat 
conduction forms the basis of several techniques. Most ther-
mal techniques are relatively non-directional, leaving the tar-
get volume ill-defined. Laser light however, can be applied in 
a targeting fashion, inherently minimizing the risk for periph-
eral damage and consequently salvaging the functionality of 
properly functioning cardiac muscle tissues [12, 13].

Redirecting the three-dimensional depolarization path to 
avoid the temporal superposition of several depolarization 

waves has been shown to provide the tools to reduce and 
permanently eliminate the incidence of arrhythmias.

Most treatment options have inherent limitations that 
reduce the efficacy and clinical benefits of these procedures. 
Chemical ablation has been shown to result in myocardial 
infarction with associated clinical concerns and follow-up 
requirements. Cryo-ablation results in a reduced feedback 
for procedural quality control due to the suppression of 
electronic signaling between the cells under reduced local 
temperatures [10, 22, 23]. Even though Radio-Frequency 
(RF) cardiac ablation is the most popular therapeutic appli-
cation in use to this day, the success rate is still limited [24, 
25] (Takemoto 2005). Additionally, the radio-frequency sig-
nal generates interference with the ability to accurately 
detect and monitor the ECG signal due to the inherent elec-
trical activity of the treatment. During open-chest surgery 
other opportunity for controlling the heart rate are available 
as well.

On an elementary rhythm control level the following 
two options are clinically explored by various groups: 
sinus node or Atrio-Ventricular node (AV-node) modifica-
tion. The Sinus node has a well-defined discrete distribu-
tion of pace-maker cells of specific maximum depolarization 
rate, ranging from slow to fast in an anatomically gradient 
fashion, which respectively can selectively be eliminated. 
The conduction of the AV-node can be influenced in the 
same manner in transcatheter approach to set an upper 
limit to the transmitted depolarization frequency [26]. 
These two mechanisms form specific solutions to certain 
well defined arrhythmogenic conditions. Both Sinus and 
AV node can be modified by pharmacological and thermal 
means, as well as chemical modification of the physiology. 
Alternatively, the Sinus- Node and Antrio-Ventricular Node 
functionality can be modified by thermal mechanisms to 
set an upper limit of depolarization frequency from a bio-
logical control perspective. Examples of the available ther-
mal mechanisms are direct-current, radio-frequency and 
laser irradiation as well as cryo-ablation and ultrasonic 
heating.

Atrial fibrillation under open chest surgery has in the 
past been treated by surgical incision or by means of radio-
frequency, microwave coagulation or cryoablation in a pre-
set pattern, the maze procedure [10]. Other therapeutic 
solutions rely on the isolation of specific anatomical enti-
ties, such as the pulmonary vein, tricuspid annulus and the 
Crista Terminalis [1]. In certain cases this may also be 
attempted under transcatheter approach. The prevailing 
treatment option for atrial-fibrillation has been intraopera-
tively by application of the ‘maze procedure’ [16]. The 
maze procedure carves a maze pattern of scar, traditionally 
induced by surgical incision or by radio-frequency coagu-
lation, drawing lines creating a forced path of depolariza-
tion and propagation.

Fig. 16.4 Transcatheter “basket” electrode mapping device outline, 
providing minimally invasive three-dimensional time-resolved map-
ping of the endocardial depolarization wavefront
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The selective electrical isolation of the superior vena cava 
from the atrium, or the pulmonary vein by means of circular 
coagulation at the root [27, 20] can be achieved with the use 
of thermal coagulation means.

The frequent requirement for electrical modification of 
tissues that are several millimeters below the endocardial, 
respectively epicardial surface can be satisfied by thermal 
means through conversion of one form of energy into heat, 
thus raising the local temperature resulting in rendering the 
depolarization of the cellular membrane inactive.

 LASER Therapy for Cardiac Arrhythmia 
Ablation

Light of specific wavelengths can scatter and reach deep 
seated locations before ultimately being converted into a 
temperature rise through absorption with imparted tempera-
ture gradient and distribution of heat. The heat generated 
during this light absorption with cause a rise in temperature 
cumulative with exposure time and rate of absorption as a 
function of location [28, 29]. The use of light in general can 
be unpredictable when light of a broad range of wavelengths 
is applied. The use of a high-powered infrared lamp for 
instance, may not result in the desired confined deep-tissue 
heating. The use of a well-defined, narrow bandwidth, small 
delivery spot-size, laser source will provide the tools to 
selectively control the surface size and target volume to be 
heated, while intentionally sparing surrounding healthy tis-
sues. A laser provides a monochromatic collimated light 
source that, when coupled into a fiber-optic delivery system, 
can be delivered in a narrow cone of tissue volume. Since the 
optical properties are a function of the particular 
wavelength(s) used during the irradiation process, the wave-
length selection becomes of critical importance to the suc-
cess of the treatment [12].

Laser is the acronym representing the mechanism-of- 
action used to generate coherent and monochromatic high 
power light, it stands for Light Amplification by Stimulated 
Emission of Radiation. The stimulated process of emission 
guarantees the generation of single wavelength electromag-
netic radiation. This stands in contrast to spontaneous emis-
sion of light from an excitable medium, which will be 
broad-band. Phosphor is the most well-known example of an 
excitable medium that provides broad-band spontaneous 
emission. Other broad-band light-sources include the incan-
descent bulb and arc-lamps. The latter use electric current as 
the driving energy source for emission of light. The laser 
excitation process for the Neodymium:Yttrium-Aluminum- 
Garnet laser (Nd:YAG laser, operating at 1064 nm) for 
instance uses a broad-band flash-lamp to excite the suscep-
tible Neodymium doping elements in the Garnet crystal to 

raise the electrons to a specific energy level from which they 
will momentarily decay to produce a single energy photon 
with a wavelength of l = 1064 nm  that corresponds to the 

molecular electron energy transition: E h h
c

= =n
l

, where 

h = ´ -6 62606957 10 34
2

. m kg
s  is Planck’s constant, ν the 

frequency of the electromagnetic radiation and 
c = ´2 99792458 108. m

s  the speed of light. The coherent 
property of laser light is generally unimportant in the thera-
peutic applications.

The laser wavelength is a direct function of the material 
configuration used to produce the electro-magnetic radia-
tion. The light that can be produced by laser ranges from 
very short wavelength, high energy Ultraviolet to long- 
wavelength, low photon energy Far Infrared.

The continuously growing selection and increasing power 
output of diode lasers can offer a relatively low-cost oppor-
tunity for the development of laser assisted therapeutic 
devices.

The inherent tissues will be comprised of certain optical 
characteristics, specific to the pertinent tissues in the target 
volume. The optical properties are all a function of wave-
length. Selecting the appropriate wavelength to achieve deep 
tissue heating is one of the requirements for successful treat-
ment of deep seated arrhythmogenic foci within the ventricu-
lar wall. Specifically treating sub-endocardial and 
sub-epicardial areas during minimally invasive transcatheter 
methods form a significant challenge.

One of the specific advantages of laser photocoagulation 
for the treatment of ventricular tachycardia is the ability to 
perform treatment under normothermic conditions while 
avoiding interfering with the electrophysiologic monitoring 
principles. Immediate and real-time verification of the suc-
cess of treatment is extremely beneficial. The electrophysio-
logically guided ablation allows for a systematic approach 
with simultaneous validation of initial success. Due to the 
relatively homogeneous distribution of the photon energy in 
the turbid tissue medium the resulting coagulation process 
results in a solid volume with well demarcated boundaries. 
As a result, when properly applied and executed, the laser 
lesion renders negligible risk of sustaining reentry pathways 
within the treatment area.

The frequent requirement for electrical modification of 
tissues that are several millimeters below the endocardial, 
respectively epicardial surface can be satisfied by thermal 
means through conversion of light energy by means of 
absorption at the appropriate wavelength. In ventricular laser 
photocoagulation the use of laser light delivery by fiber-optic 
means creates a three-dimensional light distribution inside 
the ventricular wall. The local absorption of light as a func-
tion of location specific fluence causes a temperature rise 
proportional to the absorbed local light quantity as a function 
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of exposure time. One example of atrial treatment in specific, 
uses a fiber-optic with diffusing tip that is placed against the 
endocardium of the atrium to induce linear coagulation lines 
for creation of an electrophysiologic maze [10]. The interest-
ing aspect of the laser assisted fiber-optic treatment is the 
addition of spectroscopic feedback on the progression and 
extend of the induced coagulation process. Additionally 
under surgical access the fiber-optic delivery of laser light 
can be used to draw lines of coagulation through slow linear 
advancement of the fiber-optic in perpendicular delivery. 
One of the most widely used treatments for atrial fibrillation 
is isolation of the pulmonary vein by various means. One 
method in specific uses a diode laser operating at 980 nm for 
balloon assisted circumferential coagulation of the base of 
the pulmonary vein [20]. The CardioFocus device used for 
laser coagulation pulmonary vein isolation is illustrated in 
Fig. 16.5. The selective electrical isolation of the superior 
vena cava from the atrium, or the pulmonary vein by means 
of circular coagulation at the root [27, 20] can effectively be 
achieved with the use of thermal coagulation means. The 
root isolation has proven to be initially successful for the 
treatment of atrial fibrillation through minimally invasive 

transcatheter ablation [20]. In line with the earlier mentioned 
four mechanisms of rate control, both the Sinus-Node and 
Antrio-Ventricular Node can be treated by laser irradiation to 
modify the upper limit of depolarization frequency from a 
biological control perspective. The absorbed light respec-
tively selectively renders pacing cells inactive or blocks the 
transmission rate above a specific (monitored) frequency. 
The progress is generally measured by means of lengthening 
of the RR-interval.

 Mechanism-of-Action of the LASER 
in Photocoagulation

LASER light, based on its electro-magnetic field composi-
tion, produces electric and magnetic field interactions with 
the charged particles and/or segments in molecular configu-
rations; ions, charge-polarized branches of a molecule (i.e. 
dipole formation) or even interacting with the elementary 
electron building-blocks under short wavelength interaction. 
The charged constituents, under influence of Coulomb and 
Lorentz forces, can perform a single or combined mechani-
cal motion consisting of vibration, scissor-action or rotation 
[30–32]. The local tissue temperature in the irradiated vol-
ume is directly related to the kinetic energy (KE) of motion 
on the molecular level of the constituents as: 
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the average kinetic energy for a mixture of masses (mi) with 
respective velocities for their collection of various move-
ments, on average: vi [33]. The increase in kinetic energy 
associated with an associated temperature rise will eventu-
ally reach a point where a phase transition will occur, specifi-
cally coagulation. The thermal effects resulting from 
electro-magnetic radiation are directly concomitant with the 
light energy distribution inside the irradiated medium, while 
thermal diffusion only yields as a secondary mechanism for 
heat distribution, contingent on the exposure time. In con-
trast, most other available thermal mechanisms rely primar-
ily on thermal diffusion for inflicting cell-damage. Thermal 
diffusion will result in lesion-width growth concurrent with 
lesion-depth, thus increasing the risks for damaging healthy 
tissues when targeting deep-seated arrhythmogenic foci.

The cell-death resulting from thermal injury relies on 
modification of the cellular membrane, cytoskeleton and/
or the nucleus. Denaturation of proteins in the membrane 
will stop the transfer of nutrients and oxygen. The cyto-
skeleton for various cell types will have a range of ther-
mal responses. In human erythrocytes, the protein spectrin 
forms the building block of the cytoskeleton. Spectrin has 
been shown to be thermally inactivated at 50 °C, leading 
eventually to  cell- death but may recover [34]. 

Fig. 16.5 Diagram of the electrical isolation procedure of the pulmo-
nary vein by means of circumferential laser irradiation provided by the 
CardioFocus® catheter
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Disintegration of the nucleus, at higher temperatures, 
causes instantaneous cell-death. The irreversible coagula-
tion process is a time dependent mechanism that is gov-
erned by an inverse proportional relationship between 
temperature and exposure time. Exposure to 43 °C will 
require several dozen minutes to hours for achieving 
coagulation of the volume. Generally, temperatures 
exceeding 60 °C result in virtually instantaneous cell-
death. Tissue temperatures in excess of 100 °C can result 
in boiling and hence vaporization, whereas temperatures 
exceeding 225 °C will provide the risk of carbonization. 
During transcatheter ablation specifically carbonization 
needs to be prevented. Carbonized tissues may break 
loose from their base and can lead to obstruction of vascu-
lar flow in case the debris does not disintegrate. Thorough 
understanding of the interaction of light of a specific 
wavelength with the tissue constituents can provide the 
means of predicting the prevailing coagulation effects as 
well as gauge the volumetric extend.

The process of the energy transfer effects on the local tis-
sues is a function of the phase transition energy require-
ments, converting the proteins in the coagulation process and 
hence causing cell-death by means of destruction of the cell- 
membrane or by denaturing the cell nucleus. The coagula-
tion energy is a direct function of the cumulative absorption 
of all electro-magnetic radiation as a function of location, in 
the tissue volume located at position 



r  expressed as the light 
radiance: (Y



r,t( ) ), see Appendix.
The energy involved in a phase transition is represented 

by the Gibbs Free Energy (on a chemical level). This 
 represents the reaction energy for the protein denaturation at 
a constant temperature. At this point the light energy is con-
verted into chemical energy. The denaturation (coagulation) 
process can be defined by the change in Gibbs Free energy of 
the system as: ∆ ∆ ∆G H T Sden den den= − , where the denatur-

ation enthalpy is defined as D DH U nRTden = +  and the 
entropy (Sden) is connected to the latent heat of latent heat of 
coagulation (hc): T S hden c∆ = . The incremental changes in 
Gibb’s free energy of a system undergoing denaturation is 
represented as: D D D D D DG U T S S T nRT nR T= - - + + ; 
technically comprised of a summation over all constituents, 
where R = 8 3144621. J

Kmol
 is the universal Gas Constant, 

n the number(s) of molecules of chemicals involved in the 
processes and respective phase-transitions, and U the inter-
nal energy of the system.

This denaturation process can be represented by the 
chemical process: aA bB cC dD+ → + , providing the  

change in Gibbs energy: D DG G RT
C D
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where A, B, C, and D are the respective constituents of the 
chemical breakdown with concentrations [A] and [B] for the 
respective concentrations of hypothetical native molecules, 
and [C] and [D] the respective molecular concentrations of 
the denatured states. The entropy change ΔSden will be posi-

tive, defined as: D w
wS kden b
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= æ
è
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,
, which 

was defined by Boltzmann [35] in the form of the natural log 
of the number of all configurations possible in a system: ωc, 
multiplied by the Boltzmann constant: 

k m kg
s Kb = ×1 3806488 10 23
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with the respective molecular fractions: ωc,denatured and 
ωc,native. The volume of denaturation can be derived from the 
Damage Integral, which is a function of the radiant exposure 
to laser light. The temperature under continuous laser light 
exposure provides the location (



r ) and time (t) specific 
coagulation energy within the total volume of tissue 
( Ecoagulation



r,t( ) ) defined as: E r t m h c Tcoagulation c v



,( ) = +( )∆ . 

Where DT T Tb= - 0  is the temperature rise from steady 
state (T0) to coagulation temperature (Tb), cv is the specific 
heat of the generalized protein medium, hc the latent heat of 
coagulation for the medium, and m is the mass that has been 
coagulated. The Gibb’s Free energy also depends on the 
entropy of the system ( S kb c= lnw ). The mass (m) will 

roughly be equivalent to the lesion volume (V) times the den-
sity of muscle ( rmuscle

g
cm

= 1 06 3. ): m V= r .

The coagulation process depends on the number of amino 
acids involved in the protein conversion process and for a 
single protein molecule the energy requirement ranges from 
h eV Jc molecule, .= = ´ -4 6 40870628 10 19  for 21 amino acids 

to h eV Jc molecule, .= = ´ -16 2 56348251 10 18  for 100 amino- 
acids in one single protein.

The full extent of the inflicted thermal damage process 
can be described by the so-called damage integral, linking 
the elevated temperature magnitude and duration to the 
inflicted ultimate cell-death as a function of location within 
the irradiated volume. The process of calculating the gener-
ated volume of cellular damage will be discussed next.

 Damage Integral

Healthy tissue initially contains N0 molecules of one  
species in a volume. The number of surviving molecules (N) 
after thermal denaturation is directly proportional to the 
native number. The number of denatured molecules  
dNdenatured as a function of time obeys the heuristic  
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equation: dN k N t dtdenatured r= ( ) , where kr is the reaction 

coefficient. The solution yields the number of surviving 
native molecules (N(t)) as a function of time as: 
N t N eo

t( ) = − ( )Ω . This provides the damage integral: 

Ω ∆ ∆t k t dt
kT t

h
e e dt

t

r

t
S R H RT t( ) = ( ) =

( )
∫ ∫ − ( )( )

0 0

¢ ¢ / / . At any given 

time, the number of denatured molecules, Ndenatured(t), equals 
the debit N N t0 − ( ) . In general the damage integral incor-
porates the cumulative average values of all molecules 
involved in the denaturation process in a volume of  
tissue.

The value of kr depends on the temperature of exposure, 
the specific chemical reactions (each reaction influenced by 
the temperature in their own respective manner) and the 
characteristic values of ΔS and ΔH for specific measurable 
phase transitions in the tissue. An example of a phase transi-
tion is the irreversible loss of enzymatic activity, the denatur-
ation and aggregation process of proteins. Other processes 
are the coagulation of collagenous tissues which transform 
into gelatin with associated loss of collagen fiber bundle 
structure. For example: a second degree burn is defined for 
W > 10 , while a third degree burns yields W > 10 000, .

Typical values of ΔS and ΔH are listed in Table 16.1 as 
indications of thermal coagulation. Generally the integration 
constant is defined with respect to the exposure time required 
to achieve W = 1 , ( t krW = 1  (s)) as a function of the tem-

perature. The more complex the molecular structures that are 
being denatured, the faster will the rate constant change with 
temperature. This is an immediate result of the fact that the 
change in entropy (ΔS) is greater. Additionally, the number 
of bonds to be broken simultaneously (ΔH) will be equiva-
lently larger in number.

The irreversible phase change associated with coagulation 
has an entropy change (ΔS) which is in first approximation 

directly proportional to the enthapy (ΔH) of the transition. The 
enthalpy is conceptually connected to the energy of all molecu-
lar bonds that simultaneously hold a molecular matrix together. 
The greater entropy is the dependent variable that describes the 
entropic energy change involved with the cellular structure and 
the energy requirements of breaking the bonds.

The damage integral calculates the fraction of the conversion of 
normal tissue to the coagulated state as a standard reaction equation 
as a function of applied energy and exposure duration as: 
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. Where
 

the total number of cells in the tissue volume being irradiated 
([Ntotal]) is compared to the number of denatured cells after laser 
irradiation ([Ndenatured]), with R = ´8 314 103. J

kmolK  is the 
universal gas constant, A is the rate constant (e.g.   
A = 3.1 × 1098 s−1), Eact the activation energy for burn injury 
(6.28 × 105 J/mol), and T is the temperature of the tissue obtained 
from the absorption of light at the point of phase transition.

The solution to the volumetric extent of laser photocoagu-
lation is not easily obtained by trying to obtain an analytical 
solution to the damage integral, specifically since the light 
distribution is a complex three-dimensional matrix parame-
ter. Generally, the irradiated tissue light distribution, thermal 
distribution and resulting ultimate damage predictions as a 
function of exposure time will require a numerical approach, 
using computer modeling.

 The Damage State

Next to the physical temperature change as a function of 
location within the tissues in the path of irradiation, it will be 
useful to understand the impact of the thermal damage to 
the functional status and biological capabilities of the tis-

Table 16.1 Typical energetic values associated with the denaturation and phase transition process in representative biological media

Tissue Phase change entropy; ΔS Phase change enthalpy; ΔH Phase change temperature; T

Muscle (Tornberg 2005) [36] 7 2 8 3. .- cal
g

36–80 °C

Protein; Wort (Jin et al. 2009) [37] 0 47 1 06. .- J
g

Hydrogen bond separation of 0.28 nm.  
(Jacques 2006, Floume et al. 2010) [38, 39]

28 29- kJ
mol

Hydrocarbon ( -CH 2 ) separation from water 
(H2O). (Jacques 2006, Floume et al. 2010) [38, 39]

8 kJ
mol

Range of stability between folded and unfolded 
protein strands. (Splinter 2010) [33]

7 15- kJ
mol

37 °C

Rat prostate (Floume et al. 2010) [39]
-82 9. kJ

molK 71 8. kJ
mol

~60 °C
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sues. The damage state is an indication of the ‘severity’ 
of the inflicted damage. The damage state: D can be 
determined numerically as the result of exposure dura-
tion from laser irradiation by integration over various 
discrete time intervals. For instance the damage calcula-
tion for time increments in 0.1 s intervals yields: 

D A
E

RT
= ( ) = -æ
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î
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ý
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W 0 1 0 1. exp .

The total damage inflicted by a laser procedure follows 
from cumulative processes over the total time of laser irra-
diation. These processes will require that the local tissue 
conditions after each interval have changed and these local 
values delineated in the thermal equations will need to be 
updated as well. Specifically, the light distribution can 
change as a result of the coagulation process [33].

In the damage process the following three operational 
ranges can be distinguished:

 1. 0 ≤ D ≤ 0.53 Tissue resides in normal functioning state, 
potential reversible damage.

 2. 0.53 < D < 1 Tissue volume where the damage parameter 
reaches this range is coagulated.

 3. D ≥ 1 Local tissue will be carbonized.

The carbonization state is generally avoided due to the inher-
ent risks associated with the fragile nature of carbonized 
tissues.

The interaction of electromagnetic radiation with turbid 
media can be formulated as a diffusion process, pertaining to 
photons in this case. The “source” for diffusion is however 
based on the injection of photons from a point-of-contact, 
the illuminated spot on the tissue surface.

Figure 16.6 illustrates a cross-section of the light dis-
tribution for the established optical parameters with 
respect to cardiac muscle as well as the thermal profile 
after a certain exposure duration along with the inherent 

a

b

Fig. 16.6 Laser photocoagulation process under low power density 
near-infrared irradiation. (a) Computer simulation of the light distribu-
tion in homogeneous myocardial muscle based on in-vitro optical prop-
erties, resulting from a close-contact fiber-optic laser spot with 8 mm 
diameter. The muscle has an assumed thickness of 13 mm. the radiance 

scaling indicates the localized fluence in incremental (logarithmic) 
steps, (b) computer calculated temperature profile (in °C) resulting 
from 10 s exposure with the light distribution outlined in a) however 
adjusted for prominent differences between post-MI myocardium and 
respective Chagasic myocardium
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cumulative irreversible damage. The representation of the 
resulting thermal lesion is shown in Fig. 16.7. Since the 
light is providing the primary energy source for tissue 
heating in the applications described, the light distribu-
tion aspect is described in the Appendix. Examples of the 
chromophores involved in the optical penetration are 
hemoglobin and water, as well as a wide range of inter and 
extra-cellular chemicals with specific molecular spectral 
signatures. The spectral attenuation profile for water and 
blood is provided in Fig. 16.8.

 LASER-Tissue Interaction

Experimental and clinical procedures have been performed 
using Neodymium-Yttrium Aluminum Garnet (Nd:YAG) 
laser photocoagulation at 1064 nm to modify the depolariza-
tion wave-front propagation pattern [19, 40, 41]. The most 
promising mechanism so far has been the use of Neodymium- 
Yttrium Aluminum Garnet (Nd:YAG) laser photocoagula-
tion at 1064 nm.

Both open chest and transcatheter closed-chest proce-
dures have been used in FDA approved clinical trials. 
Modification of the depolarization access route and local tis-
sue conduction by means of laser irradiation have resulted in 
the successful eradication of incidences of ventricular 
arrhythmias and cure in human patients.

The specific operational tools and procedures used by 
select groups in the treatment of cardiac arrhythmias will be 
outlined next.

 Therapeutic Device Design

All laser systems use a fiber-optic delivery system to provide 
the convenience of catheter approach or delivery by hand 
using an ergonomic wand. The individual fiber-optic delivers 
a circular spot size that will vary in diameter inversely pro-
portional to distance with the target.

 Ventricular Approach

The work of several groups has explored the opportunities 
for minimally invasive treatment of ventricular tachycardias. 
During minimally invasive ablation a catheter has been used 

Fig. 16.7 Observed representative onion shape thermal lesion result-
ing from close contact fiber-optic laser irradiation of myocardium over 
40 s continuous exposure

Fig. 16.8 Optical attenuation as 
a function of wavelength due to 
absorption and scattering for 
specific elementary media 
encountered during laser 
photocoagulation. Data from 
Buiteveld [66] and Jacques [67], 
while the portrayed scattering 
curve is representative for the 
verified Raleigh scattering 
function
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for both electrophysiologic location determination as well as 
ablative light delivery. The catheter design of the Charlotte, 
NC group [19, 42] used in the treatment of ventricular tachy-
cardia, has a centrally located 600 μm diameter fiber-optic 
with a bare distal tip and is connected on the proximal side to 
a laser. An illustration of the clinical procedure is outlined in 
Fig. 16.9. Two types of laser have been used in clinical appli-
cations. The initial therapeutic laser used by the Charlotte 
group [43] was an MBB Medilas 3 Nd:YAG: capable of gen-
erating up to 80 W emitting at 1064 nm, but for the clinical 
procedures only operating to a maximum of 25 W. The 
choice of laser in this case was primarily based on the avail-
ability of a high-powered laser in the near-infrared, not spe-
cifically resulting from a calculated optimal wavelength. In 
another set of clinical trials a 25 W CeramOptec diode laser 
operating at 830 nm was used by the Charlotte group [44], 
based on more stringent requirements both on wavelength 
and size as well as electrical power settings and cooling 
requirements. The diode laser is generally not dependent on 
water cooling nor requires high voltage/high current in con-
trast to the critical water cooling for the Medilas 3 Nd:YAG 
as well as specialized electric connections.

The use a fiber-optic delivery in both catheter or delivery 
wand systems generates a circular spot size that will increase 
in diameter with increasing distance to the target, hence 
reducing the power-density delivered on impact. The power- 
density has important implications on the light distribution in 
the tissue.

The catheter consists of an extrusion tube that has wires 
imbedded for electrophysiologic mapping and temperature 
monitoring at the ablation site. The built-in radiographic 

opacity pattern of the catheter ensures the tools for estab-
lishing location and guided positioning under x-ray fluoros-
copy. Two electrodes protrude from the distal tip, each with 
a length of 2 mm. The electrodes are slanted to provide a 
sharp point in order to easily penetrate the endocarial sur-
face, see Fig. 16.10. The electrodes are used for site selec-
tion based on the measured location-specific time-frames 
obtained during cardiac depolarization. Additional benefits 
of the sharp needle electrodes is in mechanical fixation of 
the catheter tip during laser irradiation in a beating heart. 
The anchored catheter, in this manner, provides a steady, 
reliable single entry- point for the laser energy, confining 
the treatment to the isolated volume of interest. Two ther-
mocouples placed on the face of the catheter tip provide 
feedback on the tissue temperature, accounting for safety 
aspects, for instance related to the potential for tissue 
vaporization. Additionally, tracking the temperature with 
two sensors at opposite side of the annulus yields informa-
tion with respect to catheter placement in orthogonal posi-
tion to the endocardial surface. Perfectly perpendicular 
incident of the laser light will have the greatest likelihood 
of high-efficiency and directional tissue penetration and 
hence obtains the best results for tissue coagulation and 
subsequent cure rate.

Under low radiance the lesion will match the onion shape 
light-distribution as illustrated in Fig. 16.5 as predicted by 
the Radiative Transfer Equation (Appendix), [29, 45, 46]. 
The scattering dominated light propagation uses a probabil-
ity distribution of the likelihood of the end-point of a photon 
after multiple scattering events, each changing the photon 
direction, ultimately terminated by absorption. However, 

Fig. 16.9 Graphic representation of a transcatheter laser ablation protocol with a 600 μm fiber-optic flanked by two electrodes and two thermo-
couples, as illustrated in Fig. 16.10
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when a certain threshold power density is exceeded (~10 kW/
cm2 [19]), the scattering will encounter saturation and optical 
nonlinearity will occur. The resulting saturation will provide 
a light-distribution resembling a cylinder with resulting 

cylindrical lesion shape as illustrated in Fig. 16.11. The satu-
ration effects provide the means to create relatively narrow 
transmural lesions, affecting only a limited volume of periph-
eral damage.

Fig. 16.10 Diagram of a 
catheter delivery tip using 
fiber-optic irradiation, with 
thermal and electrophysiological 
feedback

a

b

c

Fig. 16.11 Representative illustration of observed non-linear opti-
cal effects resulting from high power density laser irradiation under 
contact fiber-optic therapy. (a) Computer simulated cylindrical light 
distribution under the assumption that absorption is saturated, where 
the column on the left represents the calculated localized light radi-
ance, (b) computer simulated thermal profile cross-section for the light 

 distribution in (a) after 6 s exposure, (c) observed representative, and 
reproducibly obtained, cylindrical transmural ventricular photocoagu-
lation lesion resulting from irradiation by 1064 nm Nd:YAG laser light 
over 10 s at 20 W with the fiber-optic in direct tissue contact, for a tissue 
thickness of 6 mm, under irradiation by 2 mm laser spotsize
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 Atrial Approach

For the atrial tissue the wall-thickness is considerably less 
than the left ventricular wall. In this situation the choice in 
coagulation wavelength becomes less stringent. The general 
laser light delivery application under open chest procedure 
can mimic the surgical blade or RF probe in the standard 
maze procedure. Applying the bare fiber-optic tip perpen-
dicularly in direct epicardial contact while gradually advanc-
ing the fiber-optic in a linear motion along the epicardium 
will draw a line of coagulation (Fig. 16.12). The observed 
transmural narrow line of coagulation provides an excellent 
maze with minimal peripheral damage, maintaining confined 
functional atrial tissue.

Additionally, the inherently reduced penetration depth 
will impose less of a constraint on the power density. The 
lower power density requirement tolerates diffuse light deliv-
ery, specifically allowing for the use of a frosted fiber-optic 
tip that delivers light along a length of fiber in radial direc-
tion. Under transcatheter application of a diffusing linear 
probe, coagulation lines can be drawn with a relatively high 
success rate for elimination or reduction of atrial fibrillation 
[10, 40, 47–49]. The ablation wavelengths used in these 
applications were 980 nm, and 1064 nm as well as 1168 nm 
(anecdotal evidence only at the 1168 nm wavelength). 
Additional success has been achieved by electrical isolation 
of the pulmonary vein from the left atrium by means of cir-
cumferential laser coagulation with a catheter system posi-
tioned by means of a balloon in transcatheter approach [1], 
as illustrated in Fig. 16.5. Based on anatomical and 

 physiological findings the electrical isolation of the Crista 
Terminalis in the right atrium by means of laser photocoagu-
lation have also shown clinical efficacy for the reduction of 
atrial fibrillation in patients [1].

 Experimental and Clinical Results

Since the mid 80s both the Charlotte group under the leader-
ship of Dr. Robert H. Svenson, Dr. Laszlo Littmann and 
Gregory Brucker, PhD, in consistent collaboration with Drs. 
John Selle and John Gallager (and an additional host of criti-
cal clinical and technical individuals as well as support per-
sonnel that cannot be listed in its entirety) in Charlotte, NC, 
USA, as well as other groups such as Dr. G.M. Vincent in 
Salt Lake City, UT, USA, Dr. H.P. Weber in Munich, 
Germany and Dr. R. Moosdorf in Germany have investigated 
the use of laser-light for the modification of cardiac cellular 
depolarization and reshaping the excitation wave-front [12, 
13, 41, 50]. Specifically, operating in the optical-window 
provides deep coagulation while providing the safety of min-
imizing the risks of carbonization and tissue removal, as 
found to occur with lasers operating at wavelengths below 
580 nm and above 1600 nm [51, 52].

After extensive animal studies on dogs and pigs with the 
Nd:YAG laser the treatment options were validated for 
human use [17–19, 43].

The initial clinical procedures were performed on patients 
that did not respond to any of the classical available treat-
ments in a life-saving emergency interventions. All patients 
from this worst case population responded with excellent 
clinical results under open-chest laser photocoagulation pro-
cedures [53].

All clinical and animal studies were performed under 
approved USA FDA investigational device exemption proce-
dures, using human experimental protocols approved by the 
Human Subjects Committee of Carolinas Healthcare System 
as well as the Institutional Review Board (under which 
Carolinas Medical Center) Charlotte, NC; USA, respectively 
of the unit of Cardiac Arrhythmia at the Heart Institute 
(InCor) of the University of São Paulo Medical School, São 
Paulo; Brazil. All patients signed the approved informed 
consent forms in advance of the procedures.

 Experimental and Animal Learning Curve

Our group in Charlotte, NC, USA, has experimentally veri-
fied the successful use of Nd:YAG and diode laser for the 
termination of ventricular tachycardia in dogs. Additional 
work with the Nd:YAG laser was validated for applying the 
Cox-Maze procedure under minimally invasive coagulation 
for the treatment of atrial fibrillation in dogs. Additional 

Fig. 16.12 Endocardial view of a representative narrow transmural 
photocoagulation line drawn in the atrial wall resulting from direct epi-
cardial contact irradiation while moving a special catheter, without 
spikes and electrodes, in a linear fashion at a slow and steady rate using 
a 1064 nm Nd:YAG laser
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work on limiting the sinus rhythm has proven beneficial in 
canine studies and was applied to human cases in limited tri-
als. Isolation of the pulmonary vein on canine test subjects as 
well as pigs under open chest conditions validated the oppor-
tunity to treat the etiological bases for atrial fibrillation and 
initiated the development of a device suitable for transcath-
eter therapeutic applications on humans.

The fundamental understanding of the electrophysiologic 
cardiac depolarization-wave propagation for the root of tar-
geted ventricular methodologies. Following the determina-
tion of the upper output power limit of the catheter under 
animal studies, the human clinical results were virtually 
identical, certainly within the statistical variance at p < 0.05. 
The power output is a critical issue in both patient safety as 
well as efficacy. The laser power as a function of laser wave-
length will need to be set below a maximum wattage in order 
to prevent routine vaporization and specifically avoid car-
bonization. Since the magnitude of the light-distribution and 
absorbed radiance is directly proportional to the fiber-optic 
output power and power density, the absorption of light at the 
contact point with the tissue will result in an expedited tem-
perature rise under higher output power.

Adding additional sensing safeguards to the temperature 
effects by means of real-time thermal feedback from the irra-
diated surface area provided a mechanism to account for 
inter-subject biological and histological variability.

 Human Clinical Applications

The coagulation of depolarizing cells has been shown effec-
tive in selectively eradicating deviant depolarization path- 
ways that were the result of physiological or anatomical 
tissue anomalies, as well as changing the depolarization on 
an individual cellular level with respect to sinus node excita-
tion rate and atrio-ventricular node transfer-function [17, 
18]. The “tear-drop” shape of the sinus node has an ana-
tomically outlined depolarization rate distribution that is 
extremely well demarcated and lends itself to hyperfine 
graduated elimination of specific upper thresholds in pacing 
rhythm [18]. Under open-chest surgical intervention the 
sinus-node can be operationally defined and charted by 
electrophysiological examination using probing/pacing nee-
dles and specialty electrodes. Under continuous feedback 
by means of electrophysiologic mapping the application of 
laser irradiation has been shown to provide a graduated 
elimination of the functionality of cells with identified spe-
cific depolarization rate when applying the fiber-optic laser-
light delivery in close-contact. In close-contact only a well 
demarcated tissue region equivalent to the diameter of the 
fiber- optic is denatured, in the order of 400–600 μm in 
diameter. The depth of coagulation is directly proportional 
to the exposure time.

The modifications to the atrio-ventricular node by means 
of laser photocoagulation have shown the potential for con-
trolling the ventricular depolarization rate under the condi-
tions of sustained rapid atrial rhythms without forming total 
atrio-ventricular block [17, 54]. Laser irradiation with the 
Nd:YAG laser operating at 1064 nm was applied to an area 
between the coronary sinus orifice and the electrophysiologi-
cally identified site of the most proximally recorded His- 
signal deflection. Laser photocoagulation was induced to 
create second degree AV block while the atrial pacing rate 
was greater or equal to 200 beats/min. In long-term follow-
 up the effects on AV node function were monitored during a 
3 month duration. In the study 9 out of 12 dogs preserved 1:1 
conduction, while three canine subjects developed chronic 
AV block. The nine success cases showed an average increase 
in AV node Wenckebach periodicity from 183 6± ms  to 
261 24± ms , which corresponds to a 43 % increment. 
During induced atrial fibrillation the minimal RR-interval 
was raised to 275 20± ms  with respect to 215 11± ms . 
The effects were non-reversible by isoproterenol infusion. 
These results indicate the potential for laser assisted sus-
tained modification anterograde AV node transmission. The 
ventricular rate under rapid atrial rhythms is permanently 
restrained to a significantly lower level, showing the poten-
tial for a nonpharmacologic mechanisms to permanently 
control the heart rate in patients with restrictive atrial 
arrhythmias.

Laser ablation of ventricular arrhythmias has proven suc-
cessful in a multi-center study design over a 15 year period 
in Charlotte, North Carolina; USA, as well as Bonn; Germany 
and São Paulo; Brazil. The use of laser photocoagulation for 
the treatment and cure of human ventricular tachycardia has 
been validated with a better than 90 % success rate in a study 
on 30 patients with 85 arrhythmogenic morphologies, using 
a 1064 Nd:YAG laser [55].

The use of laser photocoagulation was first attempted in 
clinical trials by Dr. Helmut P. Weber as published in 1994 
[56]. The use of laser photocoagulation in human atrial fibril-
lation treatment on a population approaching 2000 using a 
CardioFocus balloon for isolation of the pulmonary vein has 
yielded an initial success rate of better than 60 % while fol-
low- up treatment of the unsuccessful first attempts provided 
a total cure rate of greater than 90 % [57]. The treatment of 
Chagasic patients with 830 nm diode laser (n = 8) provided 
65 % success [44].

The Charlotte study of laser ablation of Ventricular 
Tachycardia involved the treatment of more than 30 patients 
over a period of 15 years with a success rate of better than 
90 % for post-infarction VT in the US trials with follow-up 
as long as 5 years post-procedure. Additional human clinical 
trials by G. Hindricks [58] were also likewise successful. 
The Chagas patients treated in Brazil’s Heart Institute 
(InCor), University of São Paulo Medical School in São 
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Paulo provided a success rate of 75 % (n = 7) altogether, and 
a 78 % success rate (n = 9) was achieved in the German 
human study with a follow-up of 17 11± months ; patients 
fell in mean NYHA class 2 2 0 4. .±  [59].

The additional benefits from modifications to sinus-node 
response rate under laser irradiation yields a powerful treat-
ment tool. Modification of atrio-ventricular node conduction 
rate modification also yields treatment options for selectively 
blocking transfer of atrial fibrillation while specifically 
maintaining AV node functionality.

In contrast, several other techniques applied to the HIS 
bundle have resulted in total AV block and hence the need for 
pacemaker implants.

 Opportunities for Therapeutic Applications

In cardiac photocoagulation the future lies in the develop-
ment of spatially configurable high-power light delivery. 
The device design opportunities include structures that 
allow for location appropriate and accurate light delivery 
from validated diode laser energy sources geared to tar-
geted coagulation. The device design includes both the  
target optical delivery orientation as well as efficiency of 
light delivery with minimal loss to inappropriate media. 
Specifically, the delivery of a linear irradiation pattern for 
transcatheter atrial maze procedures can benefit from limit-
ing to irradiation of tissue in a perpendicular manner, 
avoiding irradiation of ambient blood as was the case under 
diffuse fiber-optic probe irradiation. The inherent require-
ment is in the reduction of peripheral damage (for instance 
to the circulating blood), as well as limiting the treatment 
volume to produce thin lines of block, significantly pre-
serving contractile functionality of the remaining atrium. 
The directional delivery of a linear source (device that 
delivers light in a radial direction within a narrow spatial 
angle over a fixed length with uniform radiance) would 
require the knowledge of the orientation in which the light 
is emitted. In order to obtain this kind of information the 
probe may need to include a spectral analysis of the media 
in front of the window of irradiation, thus recognizing 
blood versus tissue orientation, or combinations (specifi-
cally, when placed in non-perpendicular position). 
Irradiation of blood may result in undesirable damage. In 
case light is not delivered in a perpendicular fashion the 
light penetration may be constrained or directed in an unde-
sirable part of the atrial tissue, with a reduction in therapeu-
tic efficacy. Light delivered at grazing angle has the 
potential of being reflected from the tissue surface or travel 
along the boundary, hence forming a thin layer of coagula-
tion at the endocardial surface not a deep (preferentially 
transmural) and narrow line.

Additional feedback mechanisms for assessment of depth 
and width of coagulation have been developed but have so 
far not been implemented for additional qualitative and 
quantitative feedback on the perceived permanence of the 
detected physiological results [60, 61]. Verification of the 
ablation range can be beneficial for establishing boundaries 
in the treatment protocol.

Furthermore, the full impact and opportunities of non- 
linear optical mechanisms in the coagulation process require 
supplemental research and controlled mechanisms for deliv-
ery as well as irradiation.

 Conclusions and Recommendations 
for Future Therapeutic Direction

Laser ablation of cardiac arrhythmias has shown the poten-
tial to cure better than 75 % of the total patient population, 
including those excluded from other treatment options due to 
the high risk associated with their conditions or after failing 
beneficial response to several other treatment mechanisms as 
well as remaining drug resistant. The use of monochromatic 
light provides the means to minimize peripheral damage and 
target deep-seated arrhythmogenic foci.

With the development of powerful small profile diode 
lasers operating over a broad wavelength range the device 
development can move forward with a low cost alternative 
for cure.

The minimally invasive catheter approach also provides a 
health benefit and quick recovery time.

In line with the growing elderly population, and associ-
ated increase in cardiac arrhythmias the transcatheter laser 
treatment opportunities will offer a low cost device as well 
as short recovery with equivalent reductions in healthcare 
costs.
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 Appendix

 Light-Distribution in Turbid Media

In order to provide a mechanism to predict the tissue volume 
that can potentially be coagulated, the light-distribution 
inside the tissue needs to be known first. Once the optical 
parameters for the different tissues over a range of wave-
lengths are known the most suitable wavelength can be 
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selected on a theoretical basis to provide the desired deep 
tissue effects for the clinical application. Concurrently, the 
theoretical analysis can provide the selection criteria for 
wavelength bands that should be avoided for risk mitigation, 
such as vaporization and carbonization.

Radiative transport theory provides the Equation of 
Radiative Transfer which is in many aspects similar to the 
Boltzmann equation used in kinetic gas theory, only now 
for photons [29]. The time-dependent angular and spatial 
photon energy rate distribution is described by the light 
power incident on a cross-sectional area flowing within a 
solid angle, and is designated by the parameter Radiance: 


 

L r s t, ,( )  (W/sr.cm2). In this notation the vector 


r  denotes 
the position of the location where the radiance is quanti-
fied, 



s  is the direction vector for the photon migration 
(within a small segment solid angle (i.e. cone of light) dΩ, 
since the light is diffuse at this point), all as a function of 
time: t.

The Radiance follows from the Poyting vector: 


S  The 
Poynting vector is the energy vector describing the magni-
tude and direction of electro-magnetic radiation defined as: 
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E  is the electric field,
 



B  the magnetic field, ´  designates the “cross-product” 
resulting in a vector with magnitude derived from the magni-
tude of both the electric and magnetic field with direction 
resulting from the right-hand rule (orthogonal to both vec-
tors) and m m m= r * 0  the dielectric permeability of the 
medium which is the product of the relative permeability μr 
and the permeability of free space: m p0

74 10= ´ * H
m ). The 

Radiance is defined as the time average of the length of the 
Poynting vector, averaged over one or more cycle-lengths: 
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over the full solid angle, hence without direction- specific 
details, representing all the electromagnetic radiation inci-
dent on the small but finite surface of a spherical tissue 
volume.

Since there are no external forces acting, the energy 
in the system is conserved. A general balance equation 
(such as those used to model chemical reactions) can be 
used to help develop an illumination model. For example 
the general energy balance follows the following rules: 
Accumulation within a system is equal to the sum of the 
in-flow through system boundaries and the generation 
within the system complemented by the depletion by out-
flow through system boundaries and consumption within 
the system.

For light this is defined by the time dependent Equation of 
Radiative Transfer:
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The optical parameters defining the tissue in the follow-
ing three terms: the absorption coefficient: μa, the scattering 
coefficient: μs, and the probability for a photon entering into 
a volume of scattering medium from direction 

′s  to be redi-
rected in a narrow solid angle with direction 



s  represented 
by P s, s

 ′( ) . The scattering probability P s, s
 ′( )  yields the 

scattering anisotropy factor (g) as the weighted average 
cosine of scattering angle (θ): g = cosq . One of the  
derived optical parameters is the total attenuation coefficient: 
m m mt a s= + , which is equal to the sum of the absorption 
and scattering and represents the probability of per unit path 
length that a photon will encounter either an absorption or 
scattering event. When the anisotropy coefficient g is not 
known, the reduced scattering coefficient m ms sg′ = −( )1  is 
useful to describe the scattering event. The Equation of 
Radiative Transfer provides a three-dimensional probabil-
ity distribution for the final resting place of every photon 
directed at the tissue from the light-source. Hence the 
local cumulative energy absorption can be estimate and 
used to predict the volumetric spatial temperature rise as a 
function of location with respect to the entry point of the 
laser beam.

This equation can be seen as the composite effects of the 
following components of radiation transfer within a small 
but finite volume V of turbid medium. The first term repre-
sents the change in radiance per unit volume:

The first term after the equal sign signifies the radiance 
lost through the boundaries of the volume. The following 
term indicates the loss due to absorption and due to scatter-
ing into a different direction. The subsequent term identifies 
the recovery of radiance into the original direction as a result 
of scattering. The final term is the irradiation source. The 
deposited light energy translates in the volumetric thermal 
coagulation described by the three dimensional light distri-
bution fluence (Y



r,t( ) ) as:
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The Radiative Transfer equation describing the light distri-
bution can not be solved analytically but can be described 
numerically. Examples of numerical light distribution 
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 computer simulation for Nd:YAG irradiation (1064 nm) in 
cardiac tissues are represented in Figs. 16.6 and 16.11. In 
Figs. 16.7 and 16.11c the representative thermal lesion 
resulting from long-term laser light exposure does resemble 
the respective light distribution and associated thermal 
profile.

The window of opportunities for laser assisted coagula-
tion in the treatment of cardiac arrhythmias is in the 800–
1100 nm emission range, even extending to 1200 nm in the 
atrial application; the proverbial “optical window”, as illus-
trated in Fig. 16.8.

 Light Propagation Under Dominant 
Absorption

The simplest situation to solve the light distribution inside a 
turbid medium for is where absorption is much greater than 
scattering. This is however not the most favorable situation 
for deep tissue coagulation. This situation can be verified for 
ultraviolet light irradiation of biological media. In the 
 wavelength range below 400 nm absorption is much greater 
than scattering (for instance for muscle in comparison to 
irradiation at 1064 nm has at least three times greater attenu-
ation at 400 nm and ten times greater at 308 nm [62]), 
increasingly so for shorter wavelength. Under these condi-
tions the light propagation simply reduces to the Beer – 
Lambert law. The light propagation can be described by a 
one dimensional attenuation proportional to the distance, 
with respect to absorption only: y y mz e a z( ) = -

0 . Note that 

after one optical- free path length d
m m

=
+ −( )











1

1a sg
 63 % 

of the light energy has been converted into other forms of 
energy (e.g. chemical dissociation, vaporization) due to 
absorption.

Dominant absorption will only provide surface effects, 
without significant tissue penetration. The surface effects are 
represented as vaporization (e.g. Trans-Myocardial 
Revascularization: TMR [63]) or carbonization [41]. No 
large volume tissue coagulation can be achieved under 
absorption dominated light-tissue interaction.

Absorption dominated light-tissue interaction occurs at 
short wavelengths (below 550 nm, green) and at attenuation 
peaks in the near and mid infrared (see Fig. 16.8).

The practical implementation of light propagation theory 
is often a compromise between mathematical feasibility and 
physical accuracy.

The use of lasers for photocoagulation falls primarily in 
the so-called optical window of low attenuation, ranging 
from yellow to near-infrared. The most frequently used and 
beneficial laser wavelengths are 810 nm [64], 830 nm [44], 

980 nm [20, 57], and 1064 nm [22, 55, 65]. Additional 
work with an 1168 nm laser irradiation has insufficient data 
available to show efficacy for ventricular ablation but has 
proven successful for pulmonary vein isolation procedures 
(Private communication Gregory Brucker, PhD; Innovations 
in Medicine/MedCV). The introduction of diode lasers has 
provided a few more wavelengths in the 900–1200 nm 
range that are showing the potential for deep coagulation 
when avoiding specific spectral absorption lines, mainly 
of water.

Generally, wavelengths between 580 and 700 nm have 
relatively low absorption and do not produce significant ther-
mal effects, although the laser selection in this wavelength 
range is still rather limited.

Shorter wavelengths have strong absorption and are not 
clinically relevant due to the risk of carbonization and fall in 
the ‘absorption dominated’ range of operation. The use of the 
Argon laser operating at 488 nm or 514.5 nm (green) has 
been shown to be ineffective for reaching deep photocoagu-
lation, with associated low clinical success rate and the con-
siderable risk of carbonization [41].

It is recommended to avoid absorption dominated light- 
tissue interaction due to the risks of potential adverse effects 
(e.g. carbonization and high degree of peripheral damage).
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    Introduction 

 With the invention of the laser (Light Amplifi cation by 
Stimulated Emission of Radiation), many clinical disciplines 
have taken advantage of this new energy source. Its preci-
sion, intensity and energy density is superior to all other 
known surgical devices. Based on the principle of light 
amplifi cation from photon-emitting resonator monochroma-
ticity, collimation and coherence provide the high-energy 
density of the laser beam for medical applications. Among 
medical lasers continuous wave (cw) 1064 nm Nd:YAG laser 
light is best suited for thermal coagulation of myocardium 
with arrhythmia ablation [ 1 ]. Similar to the eye ball the 
Nd:YAG laser crosses through transparent or translucent tis-
sue such as the endocardium, epicardium and scarred fi brous 
myocardium without substantial heat generation [ 2 ]. Initially, 
photons are scattered penetrating in the myocardium and are 
eventually absorbed by Chromophoren, by myoglobin, 
inducing heat deep intramurally [ 3 ]. 

 By application of laser light we do not ablate, we coagu-
late the myocardium rendering it electrically inactive. The 
coagulated myocardium is devoid of electrical potentials, the 
electrical activity of the arrhythmogenic substrate is elimi-
nated or at least modifi ed, the arrhythmia is “ablated”. The 
anatomical integrity of the culprit myocardium is not 
destroyed. The acute laser lesion of coagulation necrosis is 
healing to a dense fi brous scar without thickening of the 

 cardiac wall, without aneurysm formation, and without 
 adjacent angiogenesis. 

 In the past decades, a total of 153 anesthetized dogs, 
mainly beagles, over 500 acute or chronic experiments with 
cardiovascular laser applications, 1–24 per dog were per-
formed by using the 1064 nm laser light via open irrigated 
laser catheter systems. Along with rabbits, dogs display sim-
ilar channel distributions and channel activity as the human 
cardiac conduction system. 

 The dog has been described as the most predictive pre-
clinical species with regard to human electrophysiology. 
Various canine models of atrial and ventricular arrhythmias 
have been employed to study the underlying mechanisms of 
these arrhythmias [ 4 ,  5 ]. 

 The investigations complied with the principles outlined in 
the Declaration of Helsinki, animal experimental studies were 
conforming to the  Directive 86/609/EEC on the protection of 
Animals used for Experimental and other scientifi c purposes , 
adopted in 1986 by the European commission, 1986 Retrieved 
February 8, 2007, and comply with all applicable  Laws and 
Regulations and Guidelines of the United States Food 
and Drug Administration regarding Good Laboratory Practice 
and Non-clinical Research (CFR Title 21, Parts 11 and 58).  

 In the following we report our experience with experi-
mental and clinical catheter directed cardiovascular laser 
applications since 1984 performed in various research insti-
tutions including:

    1.    Research Laboratory of Donier MedTech, Rosenheimer 
Landstr. 114, Ottobrunn, Germany   

   2.    Central Laser Laboratory and Animal Experimental 
Facilities of the Helmholtz Institute Neuherberg/
Munich, Germany   

   3.    Experimental Animal Laboratory of the German Heart 
Center (DHZ), Munich, Germany   

   4.    Animal Experimental Laboratory of the Anadaal 
Hospital Maastricht, Netherlands   

   5.    King Faisal Specialist Hospital & Research Center, 
Riyadh, Saudi-Arabia   
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   6.    Experimental Laboratory of the Surgical Department 
LM-University Munich, Germany   

   7.    Laser and Applied Technologies Laboratory, Charlotte, 
NC, USA   

   8.    Experimental Electrophysiology Laboratory of the 
UCLA, CA, USA   

   9.    Animal Experimental Facilities of the Semmelweis 
University Budapest, Hungary   

   10.    Animal Experimental Laboratory of the Cardiac 
Department University of Tübingen, Germany   

   11.    Research Laboratories of Hanson Medical, Mountain- 
View, CA, USA   

   12.    Experimental Electrophysiology Laboratory, The 
University of Oklahoma, Health Science Center, 
Oklahoma City, OK, USA      

    The Laser 

 Power source was a  MediLas  fi bertom Model 4060 N, a 
medical laser system from Dornier MedTech, provided with 
a Light-guide protection system (LPS). The LPS switched 
off the laser automatically in case of imminent overheating at 
the optical fi ber tip. More recently a novel diode laser 
designed for cardiovascular laser application was used, the 
 MediLas D  1064 Cardiovascular Laser Application, LasCor 
GmbH, Taufkirchen, Germany. This is provided with a stan-
dard continuous wave (cw) application mode for radiation at 
powers of 2–30 W in 1 W steps (Fig.  17.1 ).

   Besides the LPS the diode laser is provided with two 
additional safety chains: one for control of the saline irriga-
tion fl ow assured by a peristaltic pump, another for control of 
the esophageal temperature with a light sensor [ 6 ]. Each of 
the safety chains can stop the laser automatically in case of 

imminent catheter damages, or of insuffi cient catheter 
irrigation fl ow, or in case of imminent overheating prior to 
the occurrence of thermal damages to the esophagus.  

    The Catheter 

 The electrode-laser mapping and ablation (ELMA) catheter 
 RytmoLas  and its variant the  RytmoLas.m , LasCor GmbH, 
Taufkirchen, Germany consist of a 400 μm core diameter and 
300 cm long optical fi ber fed into the central lumen of an 8 F 
fl exible plastic tube, working length 115 cm. In addition, for 
magnetic navigation the distal segment of the  RytmoLas.m  is 
provided with three cylindrical magnets (Fig.  17.2 ). The tip of 
the optical fi ber is mounted at a given distance from the end 
hole of the catheter and is protected within the catheter hose. In 
front of the end hole the divergent laser beam creates a ring 
shaped laser spot, a “donut”, on the illuminated fi eld (Fig.  17.3 ).

    For cardiovascular laser application the catheter is irrigated 
continuously with heparinized saline (5000 IU/L) at a fl ow 
rate of 15 mL/min, assured by a peristaltic pump. Irrigation 
fl ow washes away the blood and creates a clear path for the 
laser light in front of the end hole of the catheter to illuminate 
the targeted endocardial area. During laser application irriga-
tion fl ow is increased automatically with the foot switch of the 
laser to a preset value of 30–40 mL/min, “working fl ow”. The 
two symmetrically arranged tip electrodes of the catheter are 
connected to the manifold via cables running in the lumen of 
the catheter along with the optical fi ber. Electrodes are riding 
symmetrically upon the radiation fi eld and allow for continu-
ous intracardiac local bipolar or unipolar electrical recordings. 
Local electrograms (LEGs) recorded directly from around the 
illuminated endocardial area were displayed on the monitor 
without noise, also during laser application.  

    Catheter Ablation 

 For a safe and effective cardiovascular laser application con-
tact of the optical fi ber with tissue or with the blood has to be 
avoided. Therefor the fi ber tip is mounted in the catheter 
lumen at a given distance from its end-hole and the catheter 
is rinsed continuously. Such contact would result in an 
instant temperature rise up to several 100 °C with vaporiza-
tion and carbonization of tissue and the risk of cardiac wall 
perforation (Fig.  17.4 , left). However, intramural cavitation 
may occur also without optical fi ber tip to tissue contact 
when too high power levels are applied (Fig.  17.4 , right). 
Such unwanted effects can be avoided by applying optimal 
energy settings, namely, lower levels of power with longer 
application times. By applying optimal energy settings larger 
lesions of clear-cut coagulation necrosis can be achieved 
without intramural cavitation (Fig.  17.4  mid).

  Fig. 17.1    Diode laser  MediLas D  1064, LPS, LasCor GmbH, designed 
for cardiovascular laser applications, with the peristaltic pump for cath-
eter irrigation on it       
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  Fig. 17.2    Overview of the 
open-irrigated electrode-laser 
mapping and ablation (ELMA) 
catheter  RytmoLas  and the distal 
end of its variant, the 
 RytmoLas.m  ( top ,  right ) provided 
with three magnetic rings for 
remote magnetic navigation       

a b

c

  Fig. 17.3    ( a ) Scheme showing the distal end of the laser catheter 
 RytmoLas  framing and shielding the ring-shaped spot of the laser light, 
and the two electrodes overriding the margins of the spot, and ( b ) the 

laser beam profi le frontal and ( c ) in lateral view with the tip of the 8 F 
catheter emanating the divergent light beam of the HeNe pilot laser 
light from its end-hole       

 

 

17 Laser-Based Approach to Cardiac Mapping and Arrhythmia Ablation



224

       Energy Settings 

 By using the open irrigated ELMA catheter  RytmoLas  trans-
mural lesions can be achieved in dog hearts within seconds 
(Fig.  17.5 ). In order to avoid unwanted effects energy deliv-
ery must be adapted to the thickness of the myocardial wall 
[ 6 ]. At a given power higher energy can be used for coagula-
tion of thicker ventricular walls by lengthening radiation 
times and a lower energy by shortening radiation times when 
thinner atrial structures are targeted. Adapted energy settings 
are important for both safety and effi cacy of the method and 
help avoid collateral damages to the lungs and esophagus, 

malignant arrhythmias and intramural cavitations (Fig.  17.6 ). 
In our experience, optimal energy settings for in-vivo laser 
applications aimed at the atrial walls are 10 W for 10–20 s 
and at the ventricular walls 15 W/15–40 s.

        Collateral Damages 

 Laser catheter applications at too high power levels or with 
too long application times may result in collateral damages. 
Besides intramural cavitations and ventricular arrhythmias, 
damages to structures in the mediastinum including the lungs 
and esophagus may occur (Fig.  17.7 ). This emphasizes the 

15 W/40 s = 600 J

2.8 cm

Fiber tip contact

15 W/40 s = 600 J

a b c

Fiber tip non-contact

40 W/15 s = 600 J

Epi

Fiber tip non-contact

  Fig. 17.4    Epicardial lesions achieved by laser application on bovine 
myocardium with the same level of energy,  600 J , but with two different 
energy settings, ( a ) with the bare fi ber tip in intimate contact showing a 
deep channel burned into the tissue ( black vertical arrow ), and ( b ) with 
the fi ber tip  mounted  at a given distance from the end hole of the cath-

eter showing a not fat  a  clear-cut homogenous coagulation necrosis 
without tissue vaporization with crater formation, without central 
 cavitation, and ( c ) with intramural cavitation ( vertical clear arrow ). 
Black and white arrows indicate the margins of lesions       

Growth of lesions

Minutes

Volume/mm3

Microwave
n = 93

Cryo
n = 106

RF n = 76

1800

1500

1200

900

600

300

0
0 1 2 3 4

Laser
n = 421

  Fig. 17.5    Diagram showing 
volumes of myocardial lesions 
achieved in dog hearts by laser 
catheter applications via an 
open irrigated electrode laser 
mapping and ablation (ELMA) 
catheter, as compared to Not 
fat: the volumes of lesions 
achieved by using other 
methods of ablation when 
applying a comparable level of 
energy. Laser lesions were 
transmural after one minute 
(No further increase of volume 
achievable)       
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crucial importance of optimal energy settings, adapted to the 
thickness of the myocardial wall during laser catheter 
ablation.

       Control of Laser Lesion Formation 

 For control of laser lesion formation LEG is helpful [ 7 ,  8 ]. 
Laser light is not competitive with the mapping electrograms 
recorded via the tip electrodes of the ELMA catheter. During 
laser application the LEG is displayed on the monitor with-
out noise. The electrodes are riding upon the irradiated area 
and allow for online electrical control directly from the illu-
minated fi eld. 

 Attenuation of amplitudes of local electrical potentials is 
always conspicuous on the monitor simultaneously with the 

start of laser application. Gradual attenuation of the local 
potential amplitudes refl ects the spread of coagulation necro-
sis, the growing of the lesion in the myocardial wall 
(Fig.  17.8 ). After abolishment of the electrical potentials 
amplitudes the lesions achieved were transmural (Fig.  17.9 ). 
In contrast to that, stop of radiation prior to the permanent 
abolishment of potential amplitudes the amplitudes will 
recover, will increase to their initial heights (Fig.  17.10 ). In 
such instances the initially induced myocardial hyperemia 
with edema and slight hemorrhagic infi ltration are also 
reversible and histopathologically no tissue damage, no 
lesion can be found. In general, laser effects on myocardium 
are reversible when radiation times are limited to 3–5 s. 
These phenomena of electrical potential amplitude attenua-
tion during and the recovery of amplitudes after limited laser 
impacts are the basis for the laser mapping.

a b

15 W/20 s 15 W/50 s

  Fig. 17.6    Transmural lesions achieved with the  ELMA catheter  
 RytmoLas  in the right ventricular free wall of dogs by laser applications 
at 15 W. ( a ) After a radiation time of  20 s  diameter of the lesion of clear 

cut homogenous coagulation necrosis is 10.8 mm. ( b ) After 50 s of radi-
ation diameter is 18.2 mm but  a  central cavitation is present (oblique 
indicator). The  horizontal black arrows  indicate the margins of lesion       

a b
  Fig. 17.7    Collateral damages 
to the lung and to the 
esophagus after laser 
applications aimed at the 
posterior right and left atrial 
walls, showing a ring-shaped 
carbonization of the irradiated 
lung lobe ( a ) a red 
infl ammatory ring around the 
transmural lesion at the 
anterior aspect of the 
esophagus. ( b )  Arrows  
indicate the margins of 
lesions       
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  Fig. 17.8    ( a ) Surface leads I and 
II, and intracardiac right atrial 
(MAP RAE) and ( b ) left 
ventricular (MAP 1–3) LEGs 
recorded via the tip electrodes of 
the  ELMA catheter   RytmoLas  
during laser application at 10 W 
aimed at the atrial wall and at 
15 W aimed at the left ventricular 
free wall,  showing:  gradual 
attenuation of voltage, of 
potential amplitudes, with the 
start of the laser. Amplitudes are 
practically abolished ( vertical 
arrows ) after 10 s of radiation 
aimed at the atrial wall (A–A 1 ) 
and after 20 s in the ventricle 
(V–V 1 )       
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  Fig. 17.9    Diagram showing the time intervals when local potentials 
were abolished permanently ( a ) after 8–12 s of laser application aimed 
at the atrial walls, and ( b ) after 25–30 s of laser application aimed at the 
ventricular walls ( grey bars ). After right atrial (RA) laser applications 
limited to 5 s amplitudes of local potentials recovered. The fi rst four 
impacts aimed at the left atrial (LA) walls were stopped automatically 
after 8–10 s by the esophageal sensor. Collateral lesions to the lungs 

and esophagus occurred after atrial radiation times >20 s, time well 
beyond the 8–12 s of the abolishment of atrial potentials. Similarly, 
steam pops or ventricular fi brillation ( VF ) occurred >35 s of radiation, 
>5 s after abolishment of ventricular potentials; except in one instance 
of non-sustained VF in the LV (20 W/23 s). The VF in the RV occurred 
after 30 s of radiation but 5 s after permanent abolishment of 
potentials       
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         Laser Mapping 

 Unwanted effects on impulse formation and conduction, 
especially on the atrioventricular conduction such as iatro-
genic laser induced complete AV-block have to be avoided. 
LEG during laser application allows for online control of 
laser effects on myocardium. Reversibility of laser effects in 
instances of the occurrence of unwanted effects is possible 
by a timely stop of radiation. Aim of our following studies 
was to test the feasibility of laser mapping by using the 
ELMA catheter  RytmoLas  for mapping guided laser applica-
tions aimed at the sinus nodal (SN) and AV-nodal areas, at 
the His-bundle and the bundle branches in dogs [ 9 – 12 ].  

    SN Mapping 

 By mapping of the sinus nodal area with the ELMA catheter 
the earliest high right atrial activation was localized by 
recording spikes at least 30 ms prior to the earliest onset of 
the P-wave in the surface lead Electrograms. Mapping guided 
laser application aimed at that area in 14 dogs always pro-
duced gradual abatement of the amplitudes of SN-potentials. 
In addition, lengthening of the sinus cycle was conspicuous 
in the LEG. With the stop of radiation after 5–8 s both the 
phenomena reversed. However, laser applications of 20s 
repeated in the same catheter position produced chronic low 
amplitudes of local potentials and sinus cycles lengthened 
from 430–470 ms to 450–610 ms permanently (Fig.  17.11 ).

   Electropharmacologic testing performed prior to, follow-
ing immediately and after 4–11 months showed a mean 
percent decrease in 24 h heart rate (21.2 ± 7.5), maximum 
heart rate (24.0 ± 4.2), heart rate during beta blockade 
(31.4 ± 3.3), and maximum heart rate on isoproterenol 
(18.8 ± 5.1). SN recovery times remained unchanged. Acute, 
3 h old lesions showed oval shaped transmural necrosis 

surrounded by hemorrhage and edema but without crater for-
mation. Chronic lesions showed patches of homogenous 
clear-cut transmural fi brosis at diameters of 6.4–17.5 mm. 

 We concluded that mapping guided laser catheter coagu-
lation of SN areas persistently limits maximum heart rate 
without causing bradycardia. The method could become a 
form of heart rate control in patients with inappropriate sinus 
tachycardia.  

    AVN Mapping 

 Laser catheter applications were aimed at the central regions of 
Koch's triangle in nine dogs, from where no or only a very 
small His potential could be recorded. It could be demonstrated 
that a stop of the laser impact aimed at the AV-nodal regions 
immediately after the occurrence of the Wenckebach period or 
the Mobitz type 2:1 block, but prior to the occurrence of com-
plete heart block, AV-conduction is always reversible [ 13 ]. 
Local potential amplitudes recover in up to 16 s (Fig.  17.12 ).

   Besides a progressive dwindling of local potential ampli-
tudes there was a mean increase of AH intervals of 29 ± 2.5 ms 
(+38 %) and of the AV node Wenckebach periodicity from 
176 ± 15 to 260 ± 10 ms (+48 %). Mean RR-intervals during 
induced atrial fi brillation increased by approximately 30 %. 
These effects were not reversed by isoproterenol infusion. 
Histologic examination of acute, 3 h old lesions (in four dogs) 
showed circular to oval shaped coagulation necrosis or trans-
mural fi brosis after 5–11 months of follow up (in fi ve dogs). 

 Weekly electrocardiographic controls showed that 
 anterograde AVN transmission properties do not progress to 
higher degrees of AV conduction disturbances. The animals 
survived the procedures without complications, and their 
 follow up was uneventful. We concluded that the method 
could become a form of heart rate control in patients with 
disabling atrial tachycardia.  

Laser

MAP
RAE

20 s5 s

II

I

A1 A2A

  Fig. 17.10    Reversible laser 
effect after the stop of radiation 
aimed at right atrial lateral wall 
in the fi fth second when local 
potential amplitudes were not yet 
abolished permanently ( A–A   1  ). 
Voltages increase again; 
amplitudes reach again their 
initial heights 20 s after the start 
of radiation ( A   1   –A   2  )       
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    His-Bundle and Fascicular Mapping 

 Laser effects on the His-bundle and fascicles were observed 
already after radiation times of 4–6 s (n = 5 dogs, each). After 
laser impacts aimed at the His-bundle second degree 
AV-block is followed by a complete conduction block. Laser 
radiation limited to <5 s allowed for recovery of AV conduc-
tion within 9–14 s (Fig.  17.13a ). Short laser impacts aimed at 
the fascicles induced transitory conduction disturbances 
characterized by sequences of deviation of the electrical axis 
of the heart (Fig.  17.13b ).

   Weekly electrocardiographic control during a follow up 
of 3–5 months showed no kind of conduction disturbances. 

There were no lesions found in the His-bundle and fascicular 
areas. We concluded that timely limited laser applications 
aimed at the His-bundle or the fascicles can avoid inadver-
tent AV conduction disturbances.  

    Catheter Irrigation 

 For cardiovascular catheterization with an open end catheter 
continuous rinsing of its lumen is mandatory. Otherwise 
blood could enter the end hole, obliterate the catheter, and 
produce blood clotting with thrombus formation, with its 
attendant risks of stroke and infarction. Especially for laser 

Laser 20 sI

II

SNE

SCL = 470 ms SCL = 610 ms

SP = 30 ms

P

S S
S1 S1

  Fig. 17.11    Laser application at 
10 W/20 s aimed at the sinus 
nodal area induces gradual 
attenuation of voltage, potential 
amplitudes diminish ( oblique 
arrow ), and sinus cycle lengths 
(SCL) increase from 470 to 
610 ms.  I, II  surface lead 
Electrograms,  SNE  sinus nodal 
Electrogram,  S  atrial potential 
recorded from the sinus nodal 
area,  SP  Sino-atrial interval, and 
 P  p-wave       
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  Fig. 17.12    Laser application at 
15 W aimed at the AV-nodal area 
induces a gradual attenuation of 
atrial potential amplitudes 
(A–A  1  ), and a gradual 
lengthening of the AH interval 
(Wenckebach period). The A 1 –H 1  
interval is followed by AV block 
(A  2  –A  3  , and P–P). Stop of 
radiation after the fi rst blocked 
AV-conduction allows for 
recovery of voltage. Local 
potential amplitudes and 
AV-conduction normalizes after 
16 min (A4HV4, as compared to 
AHV prior to radiation).  II  
surface lead Electrograms,  MAP  
local mapping recordings,  A  
atrial,  H  His-bundle,  V  
ventricular potentials, and  P  
p-waves       
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catheters which need a clear path for the light to heat up and 
coagulate myocardium catheter irrigation is crucial. Saline 
catheter irrigation washes away the blood and protects the tip 
of the optical fi ber from contact with blood. In addition, 
cools the illuminated endocardial area. Irrigation fl ow also 
infl uences laser lesion formation. It could be demonstrated 
that open-irrigated laser catheter ablation produces fl ow 
dependent sizes of lesions [ 12 ]. With an increase of fl ow rate 
from 15 to 30 mL/min volumes of laser lesions produced at 
15 W/30 s increased signifi cantly from 70 ± 25.5 to 
295 ± 43 mm 3  (Fig.  17.14 ).

   Continuous irrigation fl ow needed for myocardial laser 
coagulation by using the ELMA catheter  RytmoLas  is 15 mL/
min, whereas during laser application the optimal “working 

fl ow” is 30–40 mL/min. It can be assumed, that a higher fl ow 
does better wash away the blood und will create a larger clear 
path for the laser light. A higher irrigation fl ow also more 
effectively cools the superfi cial myocardial layers. The sig-
nifi cant increase of lesions achieved with the higher fl ow rate 
is of importance for ablation of ventricular arrhythmogenic 
foci located >8.0 mm deep intramurally or subepicardial not 
amenable for ablation by other techniques [ 13 ]. 

 Saline irrigation from the catheter goes directly into the 
patient’s bloodstream. Awareness and management of the 
irrigation volume is important. Patients with normal renal 
function will respond to the volume infused by excreting it 
through the kidneys. However, many patients who undergo 
ablation have risk factors that reduce their ability to handle 
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  Fig. 17.13    ( a ) Occurrence of 
complete heart block ( CHB ) after 
gradual attenuation of His- 
potential amplitudes (H = 0.3–
0.1 mV) and its abolishment after 
3 s of laser application. In the 4 s 
of radiation the laser is stopped 
and His as well as atrial 
amplitudes recover, His 
potentials ( H ) reappear, and 
Potentials as well as 
AV-conduction normalizes after 
13 s (Compare AHV prior to with 
A  3  HV after radiation).  II  surface 
lead Electrogram,  MAP  mapping 
Electrogram. ( b ) Transitory 
deviation of the electrical axis of 
the heart after a laser impact at 
10 W limited to 7 s aimed at the 
fascicular segment of the His 
bundle. Normal proximal and 
distal conduction intervals AHV 
are preserved during laser 
application.  LPH  left posterior 
hemiblock,  I and II  surface lead 
Electrogram,  MAP  local mapping 
electrogram       
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this volume load developing pulmonary edema or heart fail-
ure during the procedure. Patients with congestive heart fail-
ure or renal insuffi ciency and the elderly are particularly 
susceptible. 

 The total amount of saline administered depends on pro-
cedure duration, fl ow rate, number of lesions, and duration 
of each lesion. Power titration and fl uid management for 
optimal safety and effi cacy of irrigated RF ablation was the 
topic of a series of publications [ 14 – 17 ]. During RF-ablation 
mapping irrigation fl ow is 2 mL/min whereas during abla-
tion is 30 mL/min plus 5 s of fl ow before and after each 
lesion. For a procedure time of 90 min and a total of 30 
lesions of 90s volume of irrigation fl uid totalizes 
1580 mL. As compared to that, mapping irrigation during 
laser procedures is 15 mL/min and during laser applica-
tions is 30 ml/min. Applying a total of 30 lesions of 30s 
each during a procedure time of 90 min, irrigation fl uid 
totalizes a volume of about 1575 mL. Thus, total volume of 
irrigation fl ow during laser ablation is not higher as com-
pared to that of the RF-method. Moreover, taking into con-
sideration that RF ablation procedures frequently require 
more applications during a longer procedure time total vol-
ume of irrigation fl ow during laser ablation is rather less as 
that of the RF-method. 

 Patients with heart failure or hypertension have to be 
advised to reduce the sodium in their diet to 2.4 g daily prior 
to the ablation. If a long procedure is anticipated, placement 
of a urinary catheter and a central venous line are needed. 
Development of agitation, increase in respiratory rate, or 
falling oxygen saturation may be manifestations of volume 
overload, warranting diuresis. If fl uid balance becomes 
markedly positive (e.g., >1–1.5 L), administration of an 
intravenous diuretic agent such as furosemide may be 

considered. Blood electrolytes, especially potassium, should 
be monitored in cases of frequent administration of diuretics. 
In patients with poor cardiac function treatment of obvious 
volume overload includes inotropic agents such as dobuta-
mine. In addition to the volume load, each liter of saline irri-
gation contains 5,000 Int. Units of heparin. Thus, monitoring 
of ACT is mandatory during long procedures.  

    Catheter Stability 

 For effective lesion formation stable intimate contact of the 
ablation catheter with the arrhythmogenic substrate in the 
beating heart is decisive for a successful treatment. 
Experimental tests have shown that an important factor to 
effective RF lesion formation is the contact force between 
catheter tip and tissue [ 18 ,  19 ]. Insuffi cient contact will result 
in ineffective lesions, whereas excessive contact force may 
result in complications such as heart wall perforation, steam 
pop, thrombus formation, and esophageal injury [ 20 ]. 
Recently, a novel open irrigated radiofrequency ablation 
catheter with a contact force sensor at the distal tip is avail-
able for clinical use [ 21 ]. In contrast to that, our experiments 
suggest that for laser lesion formation catheter pressure on 
the targeted tissue is not needed [ 6 ,  12 ]. To evaluate the infl u-
ence of contact pressure on laser lesion formation laser 
applications at 15 W/30 s, irrigation fl ow 35 ml/min, contact 
pressure 100, 10, 1.0 g, and at distances of 2 and 5 mm, 
n = 10 each, were performed in stagnant blood on bovine 
myocardium at room temperature by using the open irrigated 
laser catheter  RytmoLas . Lesions were evaluated morpho-
metrically and comparison of lesion sizes was performed by 
using a two-sample  t -Test. 

Volume of laser lesions achieved at 15 W/30 s on bovine myocardium
during various flow rates
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  Fig. 17.14    Diagram showing the 
infl uence of catheter irrigation 
fl ow rate on the lesion volumes. 
Means ± STD in mm are: 70 ± 25.5 
vs. 295 ± 43;  p = 0.0001;  295 ± 43 
vs. 320 ± 45.5; p = 0.218 NS 
(P = values)       
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 Lesions showed clear cut circular to oval shaped areas of 
homogenous coagulation necrosis of myocardium. 
Endocardial surfaces were translucent without tissue vapor-
ization with crater formation regardless of catheter pressure 
applied (Fig.  17.15 ). Maximum sizes of lesions achieved 
with pressure of 100 g, of 10 g and without pressure did not 
differ signifi cantly. However, signifi cant differences were 
found between the sizes of contact lesions and the lesions 
achieved at a distance of 2 mm away from the endocardial 
surface (Fig.  17.16 ).

        Collateral Laser Effects on Coronary Vessels 

 To determine the infl uence of Nd:YAG laser coagulation of 
myocardium on coronary vessels, a total of 48 transcatheter 
laser impacts at 10 W/10 s, 7 W/mm 2 , catheter irrigation 
fl ow 30 ml/min, were aimed at the left ventricular free wall, 
endocardial approach, 24 lesions in two dogs, or at the 
branches of the epicardial left coronary arteries, epicardial 
approach, 24 lesions in two other dogs (12 lesions in each 
of the 4 dogs). Sizes of lesions were evaluated 
morpho-histopathologically. 

 In 8 of the 24 endomyocardial lesions (2–6 months old) 
coronary vessels with a diameter of >50 μm were found 
within the coagulation zones. The volume of these lesions 
was signifi cantly smaller (139 ± 43 mm 3 ) than those (n = 16) 
containing coronary vessels measuring <50 μm 
(311 ± 87 mm 3 ), p < 0.01. Volumes of epimyocardial lesions 
(1–2 h old) produced by transcoronary laser applications 
were signifi cantly smaller when the coronary blood fl ow was 
normal (31 ± 17 mm 3 ) as compared to those produced across 
coronaries with reduced (73 ± 22 mm 3 ) or interrupted blood 
fl ow (119 ± 34 mm 3 , p < 0.019) by means of a tourniquet 
placed around the artery proximal to the irradiated vessel 
segment (Fig.  17.17 ).

   Both directly radiated vessels and those found within the 
coagulation zones appeared histologically normal through 
all layers with an intact intima and without thrombi in their 
lumen. The ultrastructure of radiated vessels was no different 
from that of non-radiated controls [ 22 ]. 

 Thus, coronary blood fl ow signifi cantly reduces the vol-
ume of coagulated myocardium, whereas the medium sized 
and larger coronaries themselves appear to remain 

  Fig. 17.15    Endocardial surface of a bovine specimen showing pale 
areas of coagulation necrosis with increasing diameters (from  right to 
left , within  black circles ) produced in stagnant blood by laser applica-
tions at 15 W/30 s, catheter irrigation 35 ml/min, with and without cath-
eter pressure on the endocardial surface and at a distance of 2 mm. 
 Note:  Continuity of endomyocardial layers is always preserved; there is 
no tissue vaporization with crater formation       

Sizes of lesions achieved by Nd:YAG laser applications at 15 W/30 s, 35 ml/min
with and without pressure of the catheter on bovine myocardium
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  Fig. 17.16    Diagram 
showing the mean values 
of lesion sizes achieved on 
bovine myocardium with 
and without catheter 
pressure on the 
endocardial surface and at 
a distance of 2.0 mm. Only 
sizes of lesions achieved at 
a distance of 2 mm away 
from the irradiated 
endocardial surface 
diminished signifi cantly: 
in depth from  9.1 ± 0.74 vs. 
3.5 ± 0.47 mm,  p < 0.0001, 
in width of  7.8 ± 0.4 vs. 
5.5 ± 0.5 mm , p < 0.0001, 
and volumes from 
 320 ± 24.3 vs. 
95 ± 13.8 mm   3  , p < 0.0001       

 

 

17 Laser-Based Approach to Cardiac Mapping and Arrhythmia Ablation



232

undamaged by laser radiation as used for myocardial coagu-
lation with the ELMA catheter  RytmoLas . Owing to the 
cooling blood fl ow coronary vessels are protected from over-
heating; vessel intima and media remain undamaged. Only a 
focal infi ltration of the adventitia by mild infl ammation of 
the epicardium was conspicuous.  

    Laser of Scarred Myocardium 

 Larger lesions would increase success rates of catheter abla-
tion especially for ventricular arrhythmias. Transcatheter 
application of Nd:YAG laser produces signifi cantly larger 
and better reproducible lesions than RF current, without 
undesirable effects on the ventricular walls [ 23 ]. RF ablation 
success rate in patients with ventricular tachycardia is lim-
ited mainly due to insuffi cient depth of lesions [ 13 ,  24 ]. 
Therefore, besides improvement of RF current application 
techniques alternative energy sources are being investigated. 
The laser can achieve transmural ventricular lesions in dog 
hearts within seconds. However, results achieved in healthy 
myocardium of dogs are diffi cult to apply to patients with 
diseased ischemic or scared myocardium. Therefore we have 
tested morphology and dimensions of ventricular lesions 
induced by laser catheter applications on scarred ventricular 
myocardium in a dog model [ 25 ]. 

 A total of 244 laser lesions (1064 nm, 10–30 W/15–60 s, 
catheter irrigation fl ow 30 mL/min) were produced percutane-
ously (endocardial approach, n = 124) and under visual control 

(epicardial approach, n = 124) in the left ventricular free walls 
of 24 anesthetized dogs. Dimension of lesions increased with 
the amount of energy applied. Laser impacts at 20 W/60 s 
produced transmural lesions (depth = 12.6 ± 1.1 mm), 
width = 15.0 ± 2.8 mm, and volumes = 1582 ± 777 mm 3 . 

 It could be shown that volumes of lesions did not change 
signifi cantly when induced through previously scarred myo-
cardium. We concluded that the laser method might be a 
promising alternative for ablation of ventricular arrhythmias 
in patients with ischemic heart disease or even with a post 
infarction scarred ventricular myocardium.  

    Catheter Tilt 

 Catheter orientation towards the target area may infl uence lesion 
formation when using an open irrigated catheter emanating a 
divergent laser beam from its end hole. Irradiation area may 
change corresponding to the contact angle and the cooling effect 
could be affected as well, so that temperature distribution in the 
vicinity of the tissue surface would vary. However, a strong and 
stable perpendicular catheter orientation during laser applica-
tion in the beating heart is rather the exception. By mounting the 
catheter with a support that allowed catheter orientation at vari-
ous angles towards the endocardial surface we have tested in-
vitro laser lesion formation in heparinized stagnant blood on 
bovine myocardium. It could be demonstrated, that only cathe-
ter tilting at an angle of 22° and more signifi cantly reduces 
depth but less the width of lesions (Fig.  17.18 ).

a b

  Fig. 17.17    ( a ) Clear-cut lesions of homogenous coagulation necrosis 
achieved by open chest hand held laser catheter application at 
10 W/15 s, aimed at epicardial coronary arteries with normal (100 %), 
and with reduced blood fl ow (<50 %), showing different sizes of lesions 
achieved after radiation through the arteries ( small white arrows ). 
Orientation of the catheter during laser application is shown by the ver-
tical arrows. ( b ) Section through the circumfl ex ( Cx ) coronary artery 

after Nd:YAG laser radiation directed through the epicardium and the 
lumen of the artery into the myocardium is showing a normal intima 
and media of the vessel wall. The vessel lumen is open without throm-
bus formation.  Note:  the normal vascular intima and media. Only a 
slight focal infi ltration of the adventitia and a mild infl ammation of the 
epicardium are conspicuous. Elastica van Gieson stained       
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   This can be explained by the divergent laser beam with 
partially downwards orientated beam that hits the endocar-
dial surface almost vertically. From a circular to oval shaped 
lesion achieved in perpendicular position, a more oblique 
catheter orientation produces wooden shoe like lesions, “en 
sabot”. In a horizontal position the catheter produces again 
oval shaped lesions almost at the same diameters as the tilt of 
45° but less in depth (Fig.  17.19 ).

   It can be assume that for an experienced operator it is not 
a problem to manipulate the catheter in an approximately 
perpendicular position in almost all regions of the heart 
chambers. This will not jeopardize lesion formation and the 
success of the ablation procedure. With a catheter tilt at an 
angle of about 45° transmural lesion can be achieved in the 
relative thick left ventricular free wall of a dog heart very 
similar in size and shape to those achieved in a perpendicular 
catheter orientation (Fig.  17.20 ).

       Myocardial Temperature Measurement 

 Intramural temperature was measured during endomyocar-
dial laser applications by using an open-irrigated laser 
catheter [ 3 ]. Temperatures were monitored by means of a 

linear array of thermocouples inserted epicardially 
(Fig.  17.21 ). Thermocouples were thermally insulated 
inside 0.8 mm cannulas mounted at distances of 5 mm 
from each other. The thermocouples were connected to a 
DMT D/A registration unit [ 26 ]. In order to maintain a 
stable insertion depth, a mobile distal bar was adjusted 
along the cannulas according to the thickness of the ven-
tricular wall. A total of 30 cw 1064 nm laser impacts at 
25 W/15 s, 20 W/30 s, and 15 W/45 s (n = 10 each) were 
aimed at various sites of the left ventricular free walls in 
four anesthetized dogs.

   Temperatures increased gradually after the start of the 
laser. Maximum values were measured in the central areas 
attaining 100 ± 15 °C at 25 W, 78 ± 23 °C at 20 W and 
80 ± 13 °C at 15 W. Rise of intramural temperature was 
accompanied by gradual attenuation of electrical potential 
amplitudes in the LEG recorded via the pin electrodes of the 
ELMA catheter (Fig.  17.22 ).

   Lesions achieved were transmural regardless of the level 
of energy applied. There was no crater formation. In the 
heart of dogs, transmural laser coagulation of healthy ven-
tricular myocardium can be performed in a safe and control-
lable manner at energy settings of 15 W/25–45 s without the 
risk of pop with crater formation.   

Laser lesions achieved at 15 W/30 s, 30 ml/min, on bovine myocardium in
heparinzed stagnant blood with the open-irrigated laser catheter in various
orientations, in contact but without pressure on the endocardial surface
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  Fig. 17.18    Diagram showing 
highly signifi cant decrease of 
laser lesions in depth, when laser 
application was performed with a 
catheter tilting at an angle of 
22.5° or more. However, 
substantial coagulation is 
achieved with the ELMA catheter 
in a fl at, horizontal position       
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    Laser Catheter Ablation of Arrhythmias 
(CALCAM Study Trial) 

    Introduction 

 Electrode catheter exploration performed in patients during 
the arrhythmic state in the electrophysiology laboratory of 
the Department of Pediatric Cardiology University of 
Göttingen in the mid 70 s of the last century allowed for 
localization of subendocardial areas suggesting accessory 
pathways or arrhythmogenic foci, the arrhythmogenic sub-
strate of the arrhythmia mechanism. A catheter mapping 
guided DC shock aimed at the area of an antero- septal acces-
sory atrio-ventricular pathway in August 1982 successfully 

abolished conduction through that pathway, ablated the 
arrhythmia [ 27 ]. 

 Encouraged by this result we have started to investigate 
alternative power sources including RF current, microwave, 
ultrasound and lasers. Eventually, with the cw 1064 nm laser 
we achieved superior results when using the open irrigated 
ELMA catheter [ 1 ,  28 ]. In contrast to that, when using plane 
polished bare fi bers or catheters with lateral light beam, that 
was diffi cult to control, results were unsatisfactory. 
Endoscopically guided laser balloon techniques were highly 
sophisticated, cost intensive and limited to pulmonary vein 
applications. In addition, thrombus formation in the stagnant 
blood in front of the balloon has the potential risk of stroke 
and infarction [ 29 ]. Laser ablation in photosensitized tissues 
with cold laser effects by using photodynamic therapy is also 
experimentally feasible [ 30 ]. Ought to our successful tests 
without photodynamic therapy we did not consider the 
method in our laboratory. Based on our good experimental 
results we have started in early 1988 with laser ablation of 
cardiac arrhythmias in patients by using the cw 1064 nm 
laser in combination with the open-irrigated ELMA catheter 

a b c

  Fig. 17.19    Shapes of laser lesions achieved at 15 W/30 s, irrigation 
fl ow 30 ml/min, in stagnant heparinized blood, on bovine myocardium 
with the catheter in perpendicular position ( a ), at an angle of 45° ( b ), 

and in horizontal, fl at position on the endocardial surface ( c ). The lesion 
is sabot shaped in  b  and circular to oval shaped in  a  and  c . Catheter 
orientation is indicated by  black arrows , lesion margins in  clear arrows        

  Fig. 17.20    Section through the left ventricular free wall of a dog heart 
showing a transmural lesion achieved at 15 W/40 s, irrigation fl ow 
30 ml/min, with the catheter at an angle of approximately 45°. The 
oblique arrow upon the endocardial surface indicates the assumed ori-
entation of the catheter during laser application. The horizontal clear 
arrows indicate the margins of the lesion.  Note : the clear-cut homoge-
nous coagulation necrosis and the gleaming translucent endocardium in 
the irradiation fi eld; without tissue vaporization with crater formation, 
and without central cavitation       
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  Fig. 17.21    Scheme demonstrating the position of the laser sensors ( C  
central,  M  middle, and  L  lateral) positioned at 5 mm from each other, 
and of the laser catheter during laser application.  Endoc.  epicardial and 
 Epic.  epicardial sites       
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in a fi rst multicenter study trial, the CALCAM ( C  atheter  
 L  aser   C  oagulation of   A  rrhythmogenic   M  yocardium)  study 
trial. 

 Patients signed an informed consent which together with 
the study protocol was approved by the ethics committee 
of the Land of Bavaria. The CALCAM study was performed 
in the following electrophysiology laboratories:

    1.    Heart Center, Hospital Munich Bogenhausen, Teaching 
Hospital of the Technical University of Munich, Munich, 
Germany   

   2.    Laser Center and applied technologies, fi rst Medical 
Department, Electrophysiology, Hospital Harlaching, 
Teaching Hospital of the University of Munich, Munich, 
Germany   

   3.     Section of Adult cardiology, Department of Cardiovascular 
Diseases, King Faisal Specialist Hospital, Riyadh 11211, 
Saudi Arabia   

   4.    Third Medical Department, Cardiology and Nephrology, 
Wilhelminenspital, Vienna, Teaching Hospital of the 
University of Vienna, Austria   

   5.    Electrophysiological Laboratory, German Heart Center 
Munich, Munich, Germany   

   6.    Electrophysiology Laboratory, fi rst Department Internal 
Medicine, Cardiology, University Bonn, Bonn, Germany   

   7.    Electrophysiology Laboratory, third Medical 
Department, Cardiology, University of Tübingen, 
Tübingen, Germany      

    Patients and Methods 

 From March 1988 until July 2003 in a total of 80 patients, 
aged 59 ± 17 years, 44 males, with symptomatic arrhythmias 
since >12 months including atrial fi brillation (AF, paroxys-
mal = 19, long persistent = 13), typical atrial fl utter (AFl = 11), 
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  Fig. 17.22     Top : Myocardial 
temperature curves and 
 bottom : local electrograms 
(LEGs) recorded 
simultaneously during laser 
application at 15 W/45 s 
(3 × 15 s,  vertical lines ) 
showing, a gradual increase 
of temperature, and, 
simultaneously a gradual and 
eventually a permanent 
voltage attenuation in the 
LEGs (V 1 –V 2 ) during 
transmural lesion maturation       
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atrioventricular nodal reentrant tachycardia (AVNRT = 14), 
accessory atrioventricular pathways (AP = 9), ventricular 
tachycardia (VT = 9), and atrial tachycardia (AT = 5) laser 
ablation of the arrhythmias was attempted by using the open- 
irrigated ELMA catheter. All of the patients received 1–4 
antiarrhythmic drugs that were discontinued >24 h prior to 
the intervention. 

 Power source was a cw1064 nm laser fi bertom from 
Dornier MedTech, Wessling, Germany, provided with a 
Light-guide protection system (LPS) that stopped the laser 
automatically prior to overheating of the catheter. The cath-
eter, RytmoLas LasCor GmbH Taufkirchen, Germany, was 
an 8 F fl exible plastic tube with 20 % BaSO4 connected via 
a SubMiniature version A (SMA) connector to the laser, via 
a Luer connector to the peristaltic pump for catheter irriga-
tion, and through two plugs to the manifold for the display of 
intracardiac Electrograms recorded via the tip electrodes of 
the catheter. 

 The catheter was introduced pervenously from the groin 
and advanced and manipulated by a steerable Agilis sheath 
into the right atrium. For left heart catheterization transseptal 
laser puncture procedure was performed with a novel laser 
atrial septal puncture set [ 31 ]. For localization of arrhythmo-
genic substrates in the heart anatomical and electrical cathe-
ter mapping was used. Laser applications were aimed at the 
earliest activation during the arrhythmia or by localization of 
accessory pathway potentials. For AF ablation reentry cir-
cuits, foci and fractionated potentials were stepwise targeted. 
In the majority with AF extensive contiguous coagulation of 
the posterior left atrial wall was performed and right atrial 
applications were added. Lines, with the laser method rather 
stripes of 5–10 mm in width, of ablation and focal applica-
tions were added whenever thought opportune. Ablation 
numbers, total radiation and procedure times were kept to a 
practicable minimum. Pulmonary veins were always spared. 
Radiations at 10 W were aimed at atrial walls and at 15 W at 
ventricular walls. Catheter Irrigation fl ow was 15 mL/min. 
During radiation it was augmented automatically via the foot 
switch of the laser to 30 mL/min. Procedures are displayed in 
Table  17.1 .

   In 25 patients relative D-dimer serum levels (immunofl u-
orescence technique VIDA-D-Dimer) were estimated prior 
to, immediately following and 2 days after laser ablation 
[ 30 ]. Follow-up was 5–8 years with 24 h Holter monitoring 
after the ablation procedure and surface lead ECGs with 
medical check-up every week (3×), every month (3×), and 

subsequently every 6 months, and whenever symptoms 
occurred or recurrence of the arrhythmia was suspected.  

    Results and Follow-up 

 In the fi rst patient of this study laser ablation of a left sided 
AP was successfully attempted in March 1988 (Fig.  17.23 ). 
For the ablation of AVNRT and typical atrial fl utter proce-
dure times were less than 1 h. The longest procedure times of 
up 3 h were needed for the ablation of AF. In general, atrial 
endocardial mapping in atrial fi brillation displayed various 
LEGs, including rapid local reentry, fractionated potentials 
and even torsade de point like recordings. All these types of 
tracings were sometimes present in the same patient 
(Fig.  17.24 ).

    With the start of laser applications electrical potential 
amplitudes in the LEGs were attenuated gradually and were 
abolished after 15–20 s in the atria and after 25–40 s in the 
ventricles. No audible pops or malignant arrhythmias 
occurred. The arrhythmias could be stopped in all of the 
patients and were not inducible acutely except in fi ve patients 
with AF. Arrhythmias were ablated after one to eight laser 
applications except for AF where 8–14 applications were 
needed. In all of the patients with AF extensive contiguous 
lesions were aimed at in the left and sometimes in both of the 
atria. Best results were achieved by laser applications aimed 
at areas with rapid local reentry suggesting a “rotor” as the 
arrhythmogenic substrate (Fig.  17.25 ). D-dimer serum levels 
did not increase signifi cantly (p > 0.05) after Laser ablation 
(Fig.  17.26 ).

    During the follow-up 11 patients were lost for various 
reasons. One patient died 5 days after a Maze procedure for 
AF in another hospital 9 months after successful ablation of 
an AP. A second patient died after 9 months on the ICU of 
another hospital because of hemothorax after a house 
accident, and a third patient died after 16 months because of 
liver cancer. In the other eight patients complete data of 
follow- up were not available due relocations and too far dis-
tances abroad. However, telephonic contact with the practi-
tioner did not give indication for arrhythmia recurrences in 
these 8 patients. Follow-up of 5–8 years of the remainder 69 
patients is summarized in Table  17.2 .

   Except for patients with atrial tachycardia repeated stud-
ies were needed in 14 out of 55 patients for the cure of the 
arrhythmia. In addition, in one patient a back-up ICD was 

   Table 17.1    Laser catheter ablation procedures in 80 patients   

 Ablation  Laser 

 Procedure duration (min)  X-ray exposure (min)  Applications n = 524 (means ± STD)  Radiation time (s) 

  118    13.2    7.2    155  

 ±72  ±12.2  ±6.7  ±186 
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implanted after ablation of an idiopathic left ventricular 
tachycardia. The ICD could be removed after 2 years of 
uneventful follow-up. The cured patients were in sinus 
rhythm, had normal exercise capacity and were off medica-
tion including anticoagulants. 

 The 13 patients with improved clinical condition were 
intermittently in sinus rhythm but all needed antiarrhythmic 
medication, e.g. “pill in the pocket”, that was not effective 
prior to ablation. AF patients continued treatment with 

Warfarin. In four patients with paroxysmal AF a permanent 
pacemaker was implanted because of (in two already preex-
istent) symptomatic bradyarrhythmia. In all of the patients 
clinical symptomatology was reduced and exercise capacity 
improved. Eventually, in one patient AF could be abolished 
but temporarily and is now considered as permanent AF. 

 Except minor bleedings in the groin after venous access in 
three patients there were no complications encountered dur-
ing laser ablation procedures or during the follow-up period.  

a b

  Fig. 17.23    ( a ) Left coronary angiogram (RAO) with ( b ) subsequent 
coronary sinus contrast fi lling, showing the electrode laser mapping and 
ablation (ELMA) catheter  RytmoLas  with its tip ( black arrow ) pointing 
towards the site where the fi rst successful laser catheter ablation proce-
dure was performed by using the ELMA catheter  RytmoLas,  in March 

1988. The patient with a  left  sided atrioventricular accessory pathway 
suffered from weekly paroxysmal atrial fi brillation and syncope. 
Electrode catheters are positioned in the coronary sinus and in the  right  
ventricular apex       
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  Fig. 17.24    Surface lead 
electrograms I and II, and 
intracardiac local mapping 
electrograms (MAP  1-4  ) recorded 
simultaneously from  right  
(MAP 1,2 ) and  left  (MAP 3,4 ) atrial 
endocardial sites of a patient with 
atrial fi brillation, prior to the AF 
ablation attempts. MAP  1   
recorded from the right atrial 
lateral wall suggests a circuit 
(rotor?), a rapid local reentry; 
whereas recordings in MAP 2  
suggest fractionated potentials, 
and in MAP  3-4   torsade like 
tracings       
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    Discussion 

 Modern mapping guided catheter ablation techniques such 
as electroanatomical mapping and Navix, or robotic guides 
(Hanson, Stereotaxis) were not available for the CALCAM 
study trial. However, the high success rate achieved in this 
small group of patients with various arrhythmias including 
AF and VT demonstrates the importance of a safe and effec-
tive power source in combination with a catheter adapted to 
the laser. Both these criteria are met by the cw 1064 nm laser 
 MediLas  and the ELMA catheter  RytmoLas . As demonstrated 

experimentally, a unique advantage is the fact that the 
1064 nm laser light deeply penetrates into the myocardium 
creating transmural lesions within seconds regardless of nor-
mal or scarred tissue. This unique effect allowed for success-
ful treatment of patients with fi brous scarred myocardium, 
with structural heart diseases characterized by a tissue mix-
ture of fi brosis with normal myocardium. With the laser large 
areas were rendered electrically inactive with a relative small 
number of applications. Ablated areas became rapidly devoid 
of electrical potentials as documented by the LEG. 

 Attenuation of the amplitudes of electrical potentials in 
the LEG during laser application allowed for monitoring of 
lesion formation, for indirect visualization of lesion matura-
tion in the myocardial wall. This was achievable without 
sophisticated additional equipment. The electrodes arranged 
symmetrically at the catheter tip overriding the targeted area 
allowed for electrical potential recordings closely from the 

Laser 15 W

II

RVE
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I

RVE

MAP

Rotor? A A1

SR 25 s after laser

P P

20 s

  Fig. 17.25    Surface lead I and II, 
and intracardiac right ventricular 
( RVE ) and mapping ( MAP ) 
electrograms during catheter 
ablation of AF by laser 
application at 15 W/20 s aimed at 
the right atrial lateral wall, the 
area suggesting a rotor. With the 
start of radiation amplitudes of 
potential in the LEG gradually 
dwindle from A to A  1  . Stable 
sinus rhythm (SR) is achieved 
25 s after radiation.  P  p-wave in 
the surface lead Electrogram       
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  Fig. 17.26    Diagram showing D-Dimer relative serum levels prior to 
and after radiofrequency ( RF ) ablation as compared to those prior to 
and after laser ablation       

   Table 17.2    Results of laser ablation in 69 patients, follow-up 
5–8 years   

 AF 

 AVNRT  AFI  AP  VT  AT  %  px  ps/pt 

  Cured (in SR)    14    10    15    8    4    2    2    81  

 After re-study  1  5  2   4    1    1  

 + ICD   1  

  Improvement    3    8    2    18  

 After re-study  1  1  2 

 + Pm  4 

  Unchanged    1    1.5  

   AF  atrial fi brillation,  px  paroxysmal,  ps  persistent (long),  pt  long persis-
tent,  AVNRT  atrioventricular nodal reentrant tachycardia,  AFI  atrial fl ut-
ter,  AP  accessory pathway,  VT  ventricular tachycardia,  AT  atrial 
tachycardia,  Pm  pacemaker (perm.),  ICD  implantable cardioverter/
defi brillator device  
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illuminated fi eld. Potential amplitudes of the LEG were dis-
played on the monitor. This method for control of lesion 
maturation we have used routinely during experimental tests 
and during arrhythmia ablation procedures in patients [ 25 , 
 32 ]. More recently, similar techniques for monitoring of 
lesion maturation were described [ 33 ,  34 ]. With the 
 RytmoLas , tip electrodes for endocardial voltage mapping 
allowed assessment of electrical activity and lesion effi cacy 
by monitoring local electrogram amplitudes. Gradual attenu-
ation of the amplitudes of local potentials refl ects lesion 
maturation, the growth of laser lesion in the myocardial wall 
during laser application whereas abolishment of potential 
amplitudes in the LEG is consistent with the achievement of 
transmural lesions. Energy settings adapted to the thickness 
of the myocardial walls and stop of laser application after the 
abolishment of local potentials helped avoid myocardial and 
collateral damages [ 35 ]. By doing so we did not encounter 
pop or malignant arrhythmias during or after laser applica-
tions aimed at the atrial or ventricular walls. Thus, monitor-
ing of potential amplitudes has an important safety aspect for 
laser ablation of arrhythmias. However, voltage mapping 
allows only an indirect visualization of lesion formation. In 
contrast to that, real-time MRI based ablation systems have 
the advantage of scar identifi cation and localization, of lesion 
formation visualization during laser delivery. MRI system 
can be used to identify and acutely target gaps in atrial abla-
tion lesion sets. Acute targeting of gaps in ablation lesion 
sets can potentially lead to signifi cant improvement in clini-
cal outcomes [ 36 – 38 ]. As the ELMA catheter  RytmoLas  is 
MR-safe it would be intriguing to verify lesion visualization 
by producing laser lesions under MR control, preferably in a 
multicenter study trial for arrhythmia ablation in a larger 
number of patients. 

 Pulmonary vein isolation (PVI) is the cornerstone for par-
oxysmal AF ablation [ 39 ]. In our experience multiple 
arrhythmogenic areas scattered all over the right and left 
atrial sites were found in patients with AF regardless of 
which form of AF, paroxysmal, persistent or permanent. In 
general, laser applications aimed at areas with a fast rate high 
frequency regular depolarization suggesting a rotor almost 
instantly ablated AF. By targeting step by step selectively 
these areas good results were achieved without pulmonary 
vein isolation (PVI) as routinely used in other electrophysi-
ology centers. Recently, it has been shown that results of AF 
ablation do not correlate with PVI [ 40 ]. September 1st 2013, 
during the ESC Congress in Amsterdam Dr. Marrouche said: 
“ we do ablation around the pulmonary veins because we 
have assumed for years that the trigger for AF comes from 
the vein – that’s the standard of care. But what we found in 
DECAAF is that ablation of the veins did not predict out-
come. In fact, the most important predictor of outcome, along 
with stage of atrial fi brosis, was the degree of ablation of the 
fi brotic tissue. Rather than targeting the pulmonary veins, 

procedures which ablated fi brotic tissue produced better 
 outcomes – the more that was targeted, the better the 
outcome. ” 

 These new insights support our concept not to target pri-
marily pulmonary veins and in the same time can explain the 
reason of the good results achieved by the laser method due 
to the penetration of laser light through scarred tissue. To 
improve results of PVI research is very active. A recently 
developed visually guided laser ablation balloon catheter 
achieved PVI in virtually all of the AF patients. However, 
effi cacy was similar to RF ablation [ 41 ]. 

 We always saved the pulmonary veins because it is diffi -
cult to achieve durable PVI, and for safety reasons because 
pulmonary vein stenosis is a well-known possible and severe 
complication of RF ablation after PVI. Besides that, laser 
applications around the PV Ostia anyway isolate the veins. 
We did not perform PVI but we were successful. 

 Although off anticoagulants in our successfully ablated 
AF patients cerebrovascular or other vascular incidents were 
not encountered during the follow-up. The new guide–lines 
in this regard indicate continuation of anticoagulants even 
after successful ablation. This might be different in our group 
of AF patients with successful AF ablation documented for a 
relative long follow-up. However, in the new knowledge of 
this fi eld for prevention of stroke we nowadays would rec-
ommend one of the new anticoagulants. Of importance for 
the lower thromboembolic risk in our patients is also the fact 
that in contrast to the RF method the laser method is not 
thrombogenic as demonstrated by estimation of the relative 
D-Dimer serum levels [ 42 ].   

    Laser Applications in the Management 
of Structural Heart Conditions 

    HOCM Ablation 

 Hypertrophic non-obstructive cardiomyopathy (HCM) is 
often a familial cardiomyopathy with hypertrophic left ven-
tricular myocardium predominantly in the septum. This may 
result in a left ventricular outfl ow tract obstruction, the 
hypertrophic obstructive cardiomyopathy (HOCM). Reduced 
septal longitudinal strain is associated with ventricular 
arrhythmias in these patients. Total amount of fi brosis was 
found to be a marker of ventricular arrhythmias in these 
patients [ 43 ]. Interstitial fi brosis seemed to be more impor-
tant compared with replacement fi brosis in arrhythmogene-
sis, and was related to reduced septal myocardial function. 
The patients with ventricular arrhythmias were reported to 
have lower septal longitudinal strain compared with those 
without arrhythmia (p = 0.006). These fi ndings suggest that 
interstitial fi brosis may play an important role as the arrhyth-
mogenic substrate. 
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 Ought to the thickness and fi brosis of the myocardial wall 
RF and alcohol catheter ablation is disappointing and septal 
myectomy the therapy of choice. With the deep penetration 
of the laser light in fi brous tissue laser catheter ablation tech-
nique has the potential to successfully ablate ventricular 
arrhythmias originating from the hypertrophied septum. In 
the same time it can reduce or abolish left ventricular outfl ow 
tract obstruction. In the majority of patients with predomi-
nantly septal hypertrophy, laser ablation of the septum can be 
performed from the right side of the septum. 

 By using the venous approach from the groin, a more 
risky arterial puncture and transaortic left heart catheteriza-
tion can be avoided. This procedure was successful applied 
in a fi rst attempt at septal ablation in three patients with 
HOCM (Fig.  17.27 ).

   After this promising feasibility test catheter ablation of 
arrhythmogenic and/or hypertrophic Cardiomyopathy in a 
larger series of patients by using the open-irrigated ELMA 
catheter  RytmoLas is warranted.   

    Chagas Disease 

 Chagas’ disease is an endemic disease in Latin America 
caused by a unicellular parasite, the Tripanosoma cruzi. 
Almost 18 million people are infected and 25 % of them 
develop chronic myocardial disease after years or decades. 

The intermediate phase may last for two to three decades, 
and the only manifestation of the disease is the immunologi-
cal reaction. Causes of death are congestive heart failure and 
sudden cardiac death. Although malignant ventricular 
arrhythmias are thought to be the main cause of sudden 
death, bradyarrhythmia and thromboembolic events also 
account for some of the sudden death. 

 Chagas’ disease has become a worldwide problem, given 
the new patterns of immigration. Physicians around the 
world should become aware of its existence and how to rec-
ognize and treat it [ 44 ]. Implantable cardioverter defi brilla-
tors (ICDs) are considered a fi rst-line tool for primary and 
secondary prevention of sudden death. Ought to the deep 
intramurally located arrhythmogenic myocardium catheter 
ablation is of limited value. However, in rare cases RF cath-
eter ablation was reported to be effective [ 45 ]. Taking into 
consideration the deep penetration of laser light into the 
myocardium and the direct effect of laser light heating up the 
Tripanosoma cruzi effective laser ablation of Chagas’ 
arrhythmias can be anticipated. To prove this assumption 
experimental and clinical tests would be appropriate.  

    Renal Sympathetic Denervation 

 Hypertension is highly prevalent in the overall population 
and both stroke and myocardial infarction show a linear 
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  Fig. 17.27    ( a ) Left 
ventricular angiograms in 
RAO projection showing 
severe systolic left ventricular 
( LV ) obstruction ( white 
arrows ) prior to laser 
radiation aimed at the 
ventricular septum from the 
right side after pervenous 
access with the open-irrigated 
ELMA catheter  RytmoLas . 
( b ) After two laser 
applications at 15 W/40 s 
each, the obstruction is 
practically abolished. ( c )  Left  
ventricular and femoral artery 
(needle puncture) pressure 
measurements prior to and 
after the right septal HOCM 
laser ablation procedure 
showing the abolishment of 
(LV/Fem art) pressure 
gradient       
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relation with blood pressure (BP) levels [ 46 ]. 
Unfortunately, many patients are not controlled to target 
BP values, even with the availability of safe and effective 
antihypertensive drugs known to reduce the risk of major 
cardiovascular complications. It has been shown that acti-
vation of the renal sympathetic nervous system plays a 
major role in the progression and development of hyper-
tension [ 47 ]. 

 Recently, a catheter-based approach to denervate the kid-
neys has been successfully introduced into clinical practice, 
shown to reduce BP and sympathetic activity in patients with 
resistant hypertension without signifi cant side effects. The 
fi rst evidence on the clinical effectiveness and safety of this 
procedure in patients with resistant hypertension was docu-
mented in the simplicity hypertension trials [ 48 ]. Renal 
nerve ablation signifi cantly decreased BP by −30/10 mmHg 
over the follow-up period of 36 months. However, patients 
must have a suitable renal anatomy, i.e. renal arteries 4 mm 
in diameter, and a single renal artery supplying each kidney 
without prior renal artery interventions. Up to six ablations 
are applied in a spiral fashion from the distal part of the renal 
artery to its origin. In rare cases secondary rise in blood pres-
sure, renal artery dissection, pseudo aneurysm, or renal 
artery stenosis after renal RF denervation were reported [ 22 , 
 49 ,  50 ]. In addition, more recently failure of the Symplicity 
HTN-3 trial to achieve primary effi cacy end point was 
reported. However, as compared to the RF the laser could 
have major advantages for renal sympathetic catheter dener-
vation. The 1064 nm laser light penetration through the ves-
sel walls without thermal damages [ 22 ] and the divergent 
laser beam would ablate renal nerves with a lower risk 
(Fig.  17.3 ). 

 The divergent beam would hit a cylindrical segment 
with the entire circumference of the arterial wall. Thus, a 
single application could interrupt sympathetic connec-
tions. In addition, the dark Nissl´s bodies sensitize the 
sympathetic nerve cells to the laser light (Fig.  17.28 ). Of 
growing importance is renal denervation also for its bene-
fi cial effects on glucose metabolism and insulin resistance, 
and the sleep apnea syndrome [ 51 ,  52 ]. Although specula-
tive, animal experimental research in this regard is 
warrantable.

       Interatrial Transseptal Laser Puncture 

 Safe and reproducibly effective transseptal puncture and 
access to the left atrium and ventricle is now a prerequisite 
for the practicing invasive electrophysiologists. During the 
past years a variety of left heart catheter intervention were 
developed beside left atrial and ventricular catheter map-
ping and ablation including left atrial occlusion procedures, 
mitral valve clipping and prosthesis, etc. To achieve that 
goal side selective puncture for targeting these specifi c ana-
tomical structures is helpful. However, puncture of a thicker 
atrial septum or a fi brotic septum after repeated punctures 
may be diffi cult and routine procedures may fail. Side selec-
tive puncture was performed successfully in our patients by 
using the laser. For this purpose a special laser transseptal 
introducer and puncture set was developed, the  TransLas  
LasCor GmbH (Fig.  17.29 ). By using this catheter side 
selective transseptal puncture was successfully performed 
independent of the thickness and anatomy of the interatrial 
septum [ 31 ].

a b

  Fig. 17.28    Immune stain with neuron specifi c Enolase of perirenal tissue ( a ) after completely destroyed renal sympathetic nerves refl ected by the 
disappearance of ( b ) Nissl’s bodies, dark bodies ( arrows ) that highly sensitize sympathetic cells to the 1064 nm laser light       
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        Summary and Conclusions 

 Laser energy is light waves that are converted to heat to 
coagulate and create scar tissue. It may be a safer heat-based 
energy for arrhythmia ablation than unipolar radiofrequency 
energy. With laser energy, the optical fi ber doesn’t need to be 
in direct contact with tissue and the catheter is not heated up, 
which could mean it will have fewer complications than 
radiofrequency energy. Unlike other energy sources, contact 
force is not a factor in whether a clear-cut homogenous laser 
lesion is transmural. In addition, laser energy can be adjusted 
when ablating tissues of varying thickness, with higher 
energy applied to thicker tissue and lower energy applied to 
thinner structures in the heart. Larger laser lesion enhances 
the prospects that lesions will be contiguous (without gaps) 
and could shorten procedure times. In addition, attenuation 

of potentials in the intracardiac Electrograms during laser 
application allows for indirect control of lesion formation. 

 The results of our experimental and clinical studies 
detailed above suggest that the laser method is an intriguing 
alternative for catheter ablation of arrhythmias and for the 
treatment of various other cardiovascular conditions. With 
the invention of the multipurpose ELMA catheter percutane-
ous transluminal catheter directed application of laser light 
in the cardiovascular system has become safely and effec-
tively practicable. At powers of 10–15 W/10–50 s, energies 
as low as 100–750 J, the laser light transmitted via the ELMA 
catheter  RytmoLas  without pressure creates transmural 
lesions of homogenous coagulation necrosis within seconds 
healing to dense fi brous scar tissue. Laser lesions can reach 
arrhythmogenic substrates located deep intramurally or con-
tained in scarred post infarction or in Chagas myocardium. 

 We conclude that cardiovascular laser catheter applica-
tions represent an intriguing technology for a minimally 
invasive treatment of a series of major cardiovascular disor-
ders. With its LPS, the TLS, and the monitoring of catheter 
irrigation the laser method has a unique safety profi le.     
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      Laser for Transvenous Lead Extraction       

     Roger     Carrillo       and     Chris     Healy     

            Introduction 

 The rate of cardiac implantable electronic device (CIED) 
implantation continues to increase, thus the number of CIED 
leads in use and the inevitable complications associated with 
these leads also continues to rise [ 1 ,  2 ]. As the knowledge 
and techniques associated with CIED implantation have 
advanced, so have the knowledge and techniques associated 
with transvenous lead extraction. A great deal is now known 
about the risks, benefi ts, indications, and contraindications 
associated with lead extraction. This was comprehensively 
addressed in the most recent expert consensus document 
from the Heart Rhythm Society (HRS) [ 3 ].  

    History 

 Laser sheaths were introduced as power tools for lead 
 extraction in 1997 (Table  18.1 ). The catheter brings fi ber 
optics laser energy to the tip from a generator (CVX-300®, 
Spectranetics, Colorado) (Fig.  18.1 ). The Excimer Laser 
uses an ultraviolet spectrum light at 380 nm. The length of 
the catheter is 50 cm. It has a metal tip beveled to 15° and 
comes in three sizes: 12 French (color code blue), 14 French 
(color code grey), and 16 French (color code black). It has a 
precision cutting tip of 50 μm (the diameter of a human hair). 
The laser is pulsed at 135 ns to mitigate heat radiation inside 
the venous lumen. In 1997, the pulses were emitted at 40 Hz. 
Since 2012, a new sheath named GlideLight® has the pro-
grammability to increase the repetition rate from 40 to 80 Hz. 

This provides a more powerful tool and a more effi cient 
pulse repetition rate [ 4 ].

        Technique 

 Pre-procedure planning is very important. A detailed judg-
ment of the risks versus benefi ts of the procedure should be 
tailored to every patient. There are three important elements: 
(a) Patient medical condition, (b) Indications for extraction, 
(c) Leads (Fig.  18.2 ).

   Patient medical condition refers to comorbidities such as 
renal failure, congestive heart failure, a history of body radi-
ation, steroid intake, and body mass index (BMI). The 
assessment of the indication is important: in the case of 
infection, all leads should be removed [ 5 ], while in non- 
infectious cases not all the hardware needs to be removed. In 
reference to leads one should take into account the lead 
model, their fi xation mechanism (active versus passive), the 
material (silicone versus polyurethane), the time of implan-
tation, and the number of leads. In addition, pacer depen-
dency of the patient should be established. 

 The pre-procedure planning should also include a pos-
teroanterior and lateral chest X-ray. Some authors have sug-
gested the use of Gated CT scan of the chest to verify the 
intra-cardiac position of the leads [ 6 ]. 

 A simple tool for stratifi cation is the allocation of patients 
into low, medium, and high risk. This can only be done if 
intra-cardiac position of the leads is confi rmed. The risk 
stratifi cation is based on the time of implantation of the old-
est lead (pacemaker or defi brillating):

 –    Low risk: less than 2 years of oldest lead implantation  
 –   Medium risk: between 2 and 5 years of oldest lead 

implantation  
 –   High risk: between 6 and 20 years of oldest lead 

implantation  
 –   Severe risk: greater than 20 years of oldest lead 

implantation    
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 If the BMI is less than 25 kg/m 2  the risk level should be 
elevated to the next one (e.g, a woman with a BMI of 
19 kg/m 2  within 1 year of lead implantation should be classi-
fi ed as medium risk instead of low risk). Major adverse 
events have been linked to low body mass index [ 7 ]. 

 A successful lead extraction program involves a medical 
team. A skilled extractor should be complimented with a 
well-trained laser extraction team. An open line of communi-
cation is mandatory among members. The anesthesiologist, 
the scrub nurse, the circulating nurse, X-ray tech, the pace-
maker representative, the laser representative, and the backup 
surgeon are all essential. Each team member should have a 
checklist that details his or her role in an emergency. 
Rehearsing of emergency drills is benefi cial to develop team-
work. Improvements for successful performance are clarifi ed 
after a debriefi ng meeting following this drill. 

 A survey in 2010 revealed that Electrophysiologists per-
formed 89 % of the lead extraction procedures, Cardiac 
Surgeons 6 % and Cardiologists 5 % [ 8 ]. Most of the respond-
ers performed less than 25 procedures per year. The survey 
stated that 36 % of the lead extractions were done in the 
Operating Room, while 64 % were conducted in an 
Electrophysiology Laboratory. The 2009 guidelines state 
that the procedure can be performed either in the Operating 
Room or in the Electrophysiology laboratory [ 3 ]. There is 
data favoring the Operating Room [ 9 ] as well as the 
Electrophysiology Laboratory [ 10 ]. However, the extraction 
team must decide which is the optimal location for them. 

Lately, Hybrid Operating Rooms are becoming a popular 
procedure location for many hospitals. 

 The procedure is performed under general anesthesia in 
many centers, while others use local anesthesia and sedation. 
Anesthesia management includes the use of an arterial line 
and a large bore femoral intravenous line. Cardiac function is 
often monitored with a transesophageal echocardiogram 
(TEE), which can be a useful tool for the early detection of 
intraoperative complications. Alternatively, either a transtho-
racic echocardiogram (TTE) or an intra-cardiac echocardio-
gram (ICE) is an adequate choice. Pacing and defi brillating 
pads should be placed on the skin of the patient. 

 After the infraclavicular incision is made, the generator is 
removed, and the leads are dissected into the subclavicular 
space. Active fi xation leads should be retracted if feasible. 
The leads are prepared by the use of a specialized lead lock-
ing device. The complete preparation includes securing con-
ductor cables and insulation. An appropriately sized laser 
sheath is used. While keeping traction, the scar tissue sur-
rounding the lead is ablated by advancing the laser sheath. 
Several steps are identifi ed during laser advancement: (a) 
Subclavian-Innominate vein, (b) Superior Vena Cava, (c) 
Right atrium and Tricuspid valve, (d) Detachment of the 
myocardial interface. 

 The laser sheath must be aligned with the lead; in other 
words, you must stay  coaxial  to the lead. The lead should 
be used as a rail that guides the laser sheath into the endo-
venous space. Technically, the most diffi cult section is the 
adhesions in the upper superior vena cava. The leads may 
take a posterior turn in this area, and at times this may not 
be detected by 2D fl uoroscopy. The use of multiplanar fl uo-
roscopic views could be helpful in navigating this treacher-
ous anatomic landmark. The presence of a superior vena 
cava coil in a defi brillating lead adds complexity to the pro-
cedure [ 11 ]. 

 The  bevel  of the laser sheath should be aligned in such a 
way that the tip should point towards the lumen and the base 
of the bevel should point towards the wall of the superior 
vena cava. 

 As the time of lead implantation lengthens, calcifi cations 
occur concentrically in the area closest to the lead. At times, 
the laser fails to advance due to bunching up of tissue or 
insulation plastic. This issue is often referred to as “snow 
plowing” or “accordion.” The lack of advancement of the 
laser can be overcome by pushing the outer sheath past the 
laser tip. This technique is called  telescoping . 

   Table 18.1    Progression of laser sheath characteristics over time   

 Model  Year  Repetition rate  Characteristics 

 SLS I®  1997  40 Hz fi xed  Firm 

 SLS II®  2002  40 Hz fi xed  Flexible and lubricious 

 GlideLight®  2012  40–80 Hz programmable  Flexible and lubricious 

  Fig. 18.1    Laser sheath used for lead extraction       

 

R. Carrillo and C. Healy



247

 Once the laser has entered the right atrium, the traction 
should be decreased to avoid damage to the tricuspid valve 
and right ventricular invagination. Excess traction may cause 
hypotension; therefore, the extractor should constantly com-
municate with the anesthesiologist to avoid unnecessary use 
of vasoactive drugs. 

 Laser ablation should be paused a few millimeters before 
reaching the tip of the lead. A gentle tug will detach the lead 
from the myocardial interface. This maneuver is called 
 counter traction . The advancement of a catheter over the 
lead tip at the myocardial interface minimizes the shearing 
forces on the right ventricular wall. In contrast, forceful 
direct traction of the leads without the use of the catheter 
could avulse myocardial tissue.  

    Results 

 Three major registries have addressed the results of laser 
assisted lead extraction [ 12 ,  13 ]. The fi rst of these was the 
PLEXES trial, which randomized patients to CIED lead 
extraction with a laser sheath vs. a non-laser sheath. In this 
trial, complete lead removal was achieved in 94 % of the 
laser group as opposed to only 64 % of the non-laser group 
(failed non-laser extraction was completed with the laser 
sheath in 88 % of cases) [ 13 ]. Subsequently, an analysis of 
over 2500 attempted lead extractions at 89 sites in the United 
States reported a 90 % success rate for complete lead removal 
and a 3 % rate of partial removal [ 12 ]. These two reports 
represent early experience with the laser sheath. 

 The LExICon study is a more contemporary experience 
with this technology. It reported the outcomes of over 2400 
leads treated at predominantly high-volume centers. The 

rate of complete lead removal was 96.5 %, and the rate of 
clinical success (goals associated with indication for lead 
extraction were achieved) was 97.7 %. Conditions associ-
ated with procedural failure include BMI <25 kg/m 2 , leads 
implanted >10 years, and procedures performed in low vol-
ume centers [ 6 ]. 

 In these three registries, the rate of major adverse events 
associated with the procedure was 1.4–2.0 %, and the proce-
dural mortality was 0.27–0.65 % (Fig.  18.3 ). However, in the 
LExICon study the major adverse event rate was <1 % in 
procedures performed in high volume centers. Factors asso-
ciated with in-hospital mortality in the LExICon study 
include pocket infection, device-related endocarditis, diabe-
tes, and serum creatinine ≥2.0 [ 12 ,  13 ].

   Undue traction over the leafl ets of the tricuspid valve may 
cause signifi cant tricuspid insuffi ciency. A study stated that 
tricuspid insuffi ciency is uncommon but concerning during 
percutaneous lead extraction [ 14 ,  15 ]. In contrast, several 
reports involving hundreds of patients have suggested laser 
lead removal has no effect on the increased incidence of tri-
cuspid insuffi ciency [ 16 ]. In addition, they reported that laser 
extraction is not associated with clinical development of 
severe tricuspid insuffi ciency [ 17 ].  

    Indications 

 When evaluating a patient for possible lead extraction, as 
with any procedure, it is important to keep in mind the 
strength of the clinical indication for the procedure. Here, the 
strength of the indication will be reported as in the HRS con-
sensus document (Class I, IIa, IIb, or III) and is summarized 
in Table  18.2 . The strength of the indication must be weighed 

Pre-procedure planning
Patient

Indications Leads

Renal failure
Steroids
Radiation
Low BMI
Fragility

Type of lead
Time of implantation

Number of leads

Infections
Malfunctions

Venous occlusion

  Fig. 18.2    Factors involved in 
preprocedure planning for lead 
extraction       
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in relation to the value of the desired outcome and the risk of 
the procedure.

   This decision is unique for every patient; it must take into 
account the training and experience of both the extractor and 
the entire extraction team. These topics are discussed else-
where in more detail in this text. 

 The indications for lead extraction can be generally 
divided into two categories: infectious and non-infectious. 
In the LExICon study, a multi-center retrospective analysis 
of laser-assisted lead extraction, over half of all lead extrac-
tions were done for infectious indications. Together, func-
tional and non-functional leads were responsible for slightly 
over a third of all extractions and venous stenosis/occlusion 
was responsible for less than 5 % of procedures, while 
chronic pain was the indication in fewer than 1 % of all 
extractions [ 7 ].  

    Infectious Indications 

 Infection of a CIED is the strongest indication for complete 
CIED system removal. However, the possible clinical presenta-
tions of CIED related infection can vary widely [ 18 ,  19 ]. CIED 
related infection can manifest as nothing more than pain in the 
device pocket, or can be associated with valvular endocarditis 

and sepsis. When an infection is discovered, every effort should 
be made to remove all components of the CIED system (device, 
leads, sutures, etc.) and as much of the infected tissue as pos-
sible in order to give the patient the best chance to clear the 
infection [ 20 ,  21 ]. The infectious indications for extraction are 
listed in Table  18.3 . Rarely, will a patient’s clinical condition 
and long-term prognosis be so precarious that chronic suppres-
sive antibiotic therapy would be favored over extraction. This is 
the exception, not the rule, and an attempt at extraction should 
be undertaken whenever feasible.

   Device related infections might be obvious when they 
present with fever, bacteremia, vegetations, or sepsis. 
However, it may prove diffi cult to diagnose or associate 
infection with the implantable device. Cultures may be neg-
ative, even in patients with documented device related infec-
tion who are not receiving antibiotics. Studies have shown 
that the highest yield for documenting the pathologic organ-
ism requires culture of tissue debrided from the fi brotic 
material surrounding the pulse generator pocket. Yet, even 
this yields positive results in just over two-thirds of clini-
cally infected patients [ 22 ]. When device infection is sus-
pected, diagnosis and treatment should be expedited, as 
delay to defi nitive therapy with removal of all components 
of the CIED system has been associated with increased mor-
tality [ 23 ]. 

PLEXES
153 pts

9 centers[13]

Total US
1684 pts

89 centers[12]

LExlCon
1449 pts

13 centers[27]

2.0 %

1.5 %

1.0 %

0.5 %

1999

2 %

0.65 % 0.6 %
0.27 %

High volume

centers

Procedural MAEs

Procedural mortality

1.4 %

0.78 %

1.9 %

2002 2009

  Fig. 18.3    Results of major 
registries of lead extraction 
outcomes       

   Table 18.2    Strength of indication for transvenous lead extraction   

  Class I  

 Conditions where evidence and/or general agreement exists that the procedure is useful and effective 

  Class II  

 Conditions where there is confl icting evidence and/or a divergence of opinion about the usefulness/effi cacy of a procedure or treatment 

   IIa: The weight of evidence/opinion is in favor of usefulness/effi cacy 

   IIb: Usefulness/effi cacy is less well established by evidence/opinion 

  Class III  

 Conditions where evidence and/or general agreement exists that the procedure is not useful or effective, and in some cases may be harmful 
 (NOT INDICATED)  
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 It is important to note that patients presenting with signs/
symptoms of pocket infection typically have involvement of 
the intravascular components as well [ 24 ]. This is likely 
related to the biofi lm formed by staphylococcal bacteria, the 
most common pathogen responsible for device infection. 
The biofi lm adheres to foreign bodies (devices, leads, etc.), 
making the infection resistant to antibiotics and the patient’s 
immune system. Thus, even in the absence of an overt indi-
cation of infection, when pocket pain is severe enough to 
require intervention, some experts recommend that consider-
ation be given to treating the patient as if the cause is an 
infection [ 3 ]. 

 Occasionally, the only evidence of infection is positive 
blood cultures. If only a single blood culture is positive with-
out clinical evidence of infection, extraction should not be 
pursued. However, in the setting of persistent bacteremia 
(positive blood cultures for the same organism on different 
days, particularly gram-positive organisms), even without a 
clear source of infection involving the heart, leads, or other 
body site (occult infection) extraction is recommended [ 3 ]. 
CIED infection is not typically related to gram-negative bac-
teremia and other sources of infection should be investigated 
and treated before pursuing extraction [ 20 ,  21 ]. 

 Infection or erythema that involves only the skin or super-
fi cial incision should not be treated as an infection of the 
CIED and does not warrant extraction. These patients should 
be followed closely to prevent and/or identify progression to 
a deeper infection, as this would necessitate extraction. 

 In spite of the advances made in transvenous lead extrac-
tion technology, situations still exist where open surgery is 
necessary or more desirable. One factor that may necessitate 
an open procedure is the presence of large vegetations. No 
specifi c rules exist as to the size of vegetation that requires 
an open surgical technique. However, there is growing clini-
cal evidence that vegetations smaller than 2.5 cm could be 
removed percutaneously without major clinical complica-
tions [ 25 ]. Factors that must be considered include vegeta-
tion shape and friability, presence or absence of a patent 

foramen ovale, atrial or ventricular septal defect, and the 
health or hemodynamic stability of the patient must be con-
sidered [ 1 ]. The decision about whether a transvenous or an 
open approach is best must be individualized to each patient 
and clinical situation.  

    Non-infectious Indications 

 While the benefi ts of device extraction in the setting of an 
infection are clear, lead extraction for non-infectious indica-
tions is a more nuanced decision. In these circumstances, the 
option of abandoning failed or unnecessary leads and reim-
plantation through the same or an alternative route often 
exists. It should be noted, however, that putting 4 or more 
leads through a single vein or 5 or more leads through the 
superior vena cava is discouraged [ 3 ]. For the majority of 
non-infectious indications, an immediate risk of mortality is 
not present, making calculation of the risk/benefi t ratio more 
complicated. This makes individualization of the decision 
for each patient even more important. The non-infectious 
indications as laid out in the HRS expert consensus docu-
ment on lead extraction are listed in Table  18.4 .

   When making the decision about whether or not to extract 
a lead for a non-infectious indication, the long-term progno-
sis of the patient as well as the number of likely future pro-
cedures must be considered. When a lead has been in place 
for a longer period of time, extraction becomes more chal-
lenging, and the risk of a major complication increases [ 7 ]. 
This fact must be carefully considered when deciding 
whether or not to extract a lead. The same non-infectious 
indication for lead extraction may result in different manage-
ment strategies for a 24-year-old patient with congenital 
complete heart block and multiple failed leads as opposed to 
a 92-year-old patient with a 3–4 year life expectancy and a 
single malfunctioning lead. 

 The decision about whether or not to extract a lead and/or 
a CIED system for chronic pain is perhaps the most 

   Table 18.3    Infectious indications for transvenous lead extraction   

 Class I – Evidence and/or general agreement exists that the procedure is useful and effective 

   Defi nitive CIED system infection, as evidenced by valvular endocarditis, lead endocarditis, or sepsis 

   CIED pocket infection as evidenced by pocket abscess, device erosion, skin adherence, or chronic draining sinus 

   Valvular endocarditis without defi nitive involvement of the lead(s) and/or device 

   Occult gram-positive bacteremia (not contaminant) 

 Class IIa – Weight of evidence/opinion is in favor of usefulness/effi cacy of the procedure 

   Persistent occult gram-negative bacteremia 

 Class III – Evidence and/or general agreement exists that the procedure is not useful or effective, and in some cases may be harmful 
 (NOT INDICATED)  
   Superfi cial or incisional infection without involvement of the device and/or leads 

   Chronic bacteremia due to a source other than the CIED, when long-term suppressive antibiotics are required 

  Adapted from the 2009 HRS Expert Consensus Document on Transvenous Lead Extraction 

  CIED(s)  cardiovascular implantable electronic device(s)  
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   Table 18.4    Non-infectious indications for transvenous lead extraction   

  Chronic pain  

 Class IIa – Weight of evidence/opinion is in favor of usefulness/effi cacy of the procedure 

   Severe, chronic pain at the device or lead insertion site that causes signifi cant discomfort, is not manageable by medical or surgical 
techniques, and for which there is no acceptable alternative 

  Thrombosis or venous stenosis  

 Class I – Evidence and/or general agreement exists that the procedure is useful and effective 

   Clinically signifi cant thromboembolic events associated with thrombus on a lead or lead fragment 

   Bilateral subclavian vein or SVC occlusion precluding implantation of a needed transvenous lead 

   Planned stent deployment in a vein containing a transvenous lead, in order to avoid entrapment of the lead 

   SVC stenosis or occlusion with limiting symptoms 

   Ipsilateral venous occlusion preventing access to the venous circulation for required placement of an additional lead when a 
contraindication exists to using the contralateral side (contralateral AV fi stula, shunt, or vascular access port, mastectomy, etc.) 

 Class IIa – Weight of evidence/opinion is in favor of usefulness/effi cacy of the procedure 

   Ipsilateral venous occlusion preventing access to the venous circulation for required placement of an additional lead, when there is no 
contraindication to using the contralateral side 

  Functional leads  

 Class I – Evidence and/or general agreement exists that the procedure is useful and effective 

   Life threatening arrhythmias secondary to retained leads 

   Leads that, due to their design or failure, may pose an immediate threat to the patient if left in place 

   Leads that interfere with the operation of implanted cardiac devices 

   Leads that interfere with the treatment of a malignancy (radiation/reconstructive surgery) 

 Class IIb – Usefulness/effi cacy of the procedure is less well established by evidence/opinion 

   Abandoned functional leads that pose a risk of interference with the operation of the active CIED system 

   Functioning leads that due to their design or failure pose a potential future threat to the patient if left in place 

   Leads that are functional but not being used (RV pacing lead after upgrade to ICD) 

   Patients who require specifi c imaging techniques (MRI) that cannot be imaged due to the presence of the CIED system, for which there is 
no other available imaging alternative 

   To permit the implantation of an MRI conditional CIED system 

 Class III – Evidence and/or general agreement exists that the procedure is not useful or effective, and in some cases may be harmful. 
 (NOT INDICATED)  
   Functional but redundant leads if the patient has a life expectancy of less than 1 year 

   Patients with known anomalous placement of leads through structures other than normal venous and cardiac structures (subclavian artery, 
aorta, pleura, atrial or ventricular wall, mediastinum, etc.) or through a systemic venous atrium or systemic ventricle (Additional 
techniques including surgical backup may be used if the clinical scenario is compelling) 

  Non-functional leads  

 Class I – Evidence and/or general agreement exists that the procedure is useful and effective 

   Life threatening arrhythmias secondary to retained leads or lead fragments 

   Leads that, due to their design or failure, may pose an immediate threat to the patient if left in place 

   Leads that interfere with the operation of implanted cardiac devices 

   Leads that interfere with the treatment of a malignancy (radiation/reconstructive surgery) 

 Class IIa – Weight of evidence/opinion is in favor of usefulness/effi cacy of the procedure 

   Leads that due to their design or failure pose a threat to the patient, that is not immediate or imminent if left in place 

   If CIED implantation would require more than 4 leads on one side or more than 5 leads through the SVC 

   Patients who require specifi c imaging techniques (MRI) that cannot be imaged due to the presence of the CIED system, for which there is 
no other available imaging alternative 

 Class IIb – Usefulness/effi cacy of the procedure is less well established by evidence/opinion 

   At the time of an indicated CIED procedure, if contraindications are absent, to permit the implantation of an MRI conditional CIED system 

 Class III – Evidence and/or general agreement exists that the procedure is not useful or effective, and in some cases may be harmful. 
 (NOT INDICATED)  
   If the patient has a life expectancy of less than 1 year 

   Patients with known anomalous placement of leads through structures other than normal venous and cardiac structures (subclavian artery, 
aorta, pleura, atrial or ventricular wall, mediastinum, etc.) or through a systemic venous atrium or systemic ventricle (Additional 
techniques including surgical backup may be used if the clinical scenario is compelling) 

  Adapted from the 2009 HRS Expert Consensus Document on Transvenous Lead Extraction 
  CIED(s)  cardiovascular implantable electronic device(s),  SVC  superior vena cava,  AV  arteriovenous,  RV  right ventricle,  ICD  implantable 
cardioverter defi brillator  
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challenging decision that exists in the fi eld of lead extraction. 
As mentioned previously, pain at the implant site should 
increase suspicion for device infection [ 3 ]. If there are no 
signs/symptoms of infection, the decision of whether or not 
to extract a lead for chronic pain must involve a thorough 
discussion of the risks/benefi ts of the procedure with the 
patient. Furthermore, an extensive evaluation for other 
causes of pain should be undertaken prior to subjecting the 
patient to an invasive procedure. 

 The problems of venous stenosis and thrombosis will 
exist as long as CIEDs involve transvenous leads. The man-
agement and prevention of central venous stenosis is particu-
larly important among patients with or at risk for end-stage 
renal disease. In these patients, central venous access is a 
requirement for dialysis, a life-prolonging therapy that can-
not be delayed for any signifi cant amount of time. The treat-
ment of central venous stenosis involves multiple therapeutic 
options including venoplasty, stenting, and lead extraction 
when necessary. While lead extraction should not be a fi rst- 
line therapy, it certainly has a role in the management of 
these patients. For instance, trapping a transvenous lead 
against the vein wall when stenting open a vein should be 
avoided whenever possible as it eliminates the option of 
future transvenous extraction if necessary. 

 While the use of transvenous leads will always mean a risk 
of central venous stenosis, similarly the use of transvenous 
leads will always result in a risk of lead malfunction. Lead 
technology and clinical experience with any particular lead is 
constantly advancing. Failure rates change over time, and 
attempting to predict them is an exercise fraught with folly. 
Any physician who intends to extract leads must stay up to 

date on the failure rates and management strategies of leads 
that have proven troublesome (Sprint Fidelis, Riata, etc.). 

 As more patients are living with CIEDs, the number of 
patients with CIEDs who need radiation and/or surgical pro-
cedures in the area of the device or magnetic resonance imag-
ing (MRI) is also increasing. Malignancy is a life- threatening 
condition and when the location of a CIED interferes with the 
treatment of a malignancy, the decision to extract the device 
in order to allow for proper treatment of the malignancy is a 
fairly simple one. The U.S. Food and Drug Administration 
has classifi ed pacemaker systems as either MRI safe, MRI 
conditional, or MRI unsafe [ 26 ]. While the increased use of 
more MRI conditional devices will result in more patients 
with CIEDs having the option to undergo an MRI, for many 
patients, extraction will continue to be necessary.  

    Complications 

 Although uncommon, intra-procedure complications may 
occur [ 7 ]. Early recognition of the complication and appro-
priate management increases the chances of surviving a 
major adverse event. The immediate availability of an 
informed cardiothoracic surgeon and support personnel (car-
diopulmonary bypass perfusionist, surgical team) facilitates 
the initiation of a rescue procedure. 

 The complications can be divided by their anatomic loca-
tion as (a) extrapericardial or (b) intrapericardial (Fig.  18.4 ). 
Extrapericardial complications include subclavian vein, 
innominate vein, and high superior vena cava lacerations. 
Intrapericardial complications include lower superior vena 

Potential Complications

Subclavian vein tear/AV fistula

Innominate tear/perforation

High SVC tear/perforation

SVC tear/perforation

SVC/RA junction tear/perforation

Atrial wall perforation

Inferior vena cava

Valvular damage

Ventricular wall perforation

Coronary sinus/vein perforation

  Fig. 18.4    Anatomic locations of potential 
complications of laser lead extraction.  AV  
arteriovenous,  RA  right atrium,  SVC  superior 
vena cava       
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cava, right atrial wall, inferior vena cava, right ventricular 
wall, and coronary sinus perforations.

   Signs of complications include tachycardia and hypoten-
sion. If the anesthetic ventilator has CO 2  monitoring, a 
decrease on exhaled CO 2  may herald hypoperfusion. The 
diagnosis of extrapericardial complications is made by a 
simple fl uoroscopy of the pleural space. Any evidence of 
hemothorax will provide the diagnostic clue needed to 
assume a venous laceration. At times, opacifi cation of the 
right or left chest may be due to atelectasis. A low endotra-
cheal tube or endobronchial mucus plug may produce atelec-
tasis. The absence of hypotension and tachycardia is 
associated with atelectasis. Intrapericardiac injuries are evi-
denced by pericardial tamponade. During the procedure we 
can confi rm the diagnosis by (a) Fluoroscopy of the heart 
border, or (b) echocardiogram. The fl uoroscopic evidence of 
pericardial effusion is the lack of movement of the left 
 ventricular border. TEE, TTE, or ICE can visualize a pericar-
dial effusion and impending cardiac tamponade. 

 Extrapericardial injuries can be managed by median sternot-
omy. If the patient had a previous open-heart surgery, a high 
anterior thoracotomy could prove a faster alternative. Femoral-
Femoral cardiopulmonary bypass may be needed to manage this 
complication. Digital compression of the injury followed by 
resuscitation of hypovolemic shock are surgical priorities. Patch 
repair of the superior vena cava laceration is at times necessary. 

 Intrapericardial injuries can be managed by a subxyphoid 
or median sternotomy. If the patient is hemodynamically 
unstable or if the surgeon is unfamiliar, avoid the subxyphoid 
approach. However, if the patient is hemodynamically sta-
ble, a subxyphoid approach could be attempted. Emergency 
percutaneous pericardiocentesis has a limited role in patients 
that are hemodynamically unstable. Atrial and ventricular 
wall tears can be repaired off bypass, while complex injuries 
to the lower superior vena cava may require the use of car-
diopulmonary bypass. 

 Successful interventions of major adverse events require a 
team approach. When everyone works as a single unit during 
the development of a complication, good outcomes follow. A 
strong commitment is required from the facility to ensure the 
availability of equipment and personnel. Emergency drills allow 
the institution to develop the required level of teamwork [ 3 ].  

    Summary 

 Extraction for patients with an infection should be aggres-
sively pursued, but the decision regarding whether or not to 
extract a lead in a patient without an infection can often be 
considerably more challenging. Every decision must be indi-
vidualized to the patient and clinical situation. Furthermore, 
this decision must take into account the skill and experience 
of the extractor and the entire extraction team.     
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            Introduction 

 Over the last decades, the clinical need for managing the 
consequences of chronically implanted intravascular cardiac 
pacemaker or defi brillator leads has grown exponentially. 
Lead failure and new indications for an upgraded device 
therapy often requires new lead implantation in a limited 
central venous “real estate”. In addition, device implantation 
in patients with increasing comorbidities resulted in higher 
infection rates and cure in these cases is unlikely without 
complete system removal. While removal with simple trac-
tion of recently implanted leads is often suffi cient, once 
 signifi cant fi brosis takes place around the lead (usually after 
6 -12 months), use of special extraction tools often becomes 
necessary as traction may cause complications or incomplete 
lead removal. Among the numerous older and newer 
advanced lead management modalities, the most extensive 

clinical experience and supporting data from multicenter tri-
als has come from the use of the excimer laser technology. 

 In this chapter, we discuss the main principles of lead 
extraction, including indications, perioperative management 
with particular focus on the laser lead removal technique and 
present outcome data from the Hunter Holmes McGuire VA 
Medical Center and the Virginia Commonwealth University.  

    Technological Consideration of Laser 
Technology for Lead Extraction 

 The CVX-300 excimer laser is based on a 308 nm wave-
length xenon chloride cold cutting (approximately 50 °C) 
laser light. In the mammal tissue, the excimer laser energy is 
absorbed by lipids and proteins but not by water (in contrast 
to other forms of laser energy). This feature is particularly 
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advantageous to selectively disrupt fi brous tissue around the 
leads but without affecting the blood or nearby other leads. 
As the energy of the excimer laser is largely absorbed by 
0.2 mm tissue depth, there is limited chance to affect even 
nearby vascular structures. 

 For the purpose of cardiac lead extraction, three sizes of 
laser sheaths are currently used (12, 14 and 16 Fr). Each 
sheath contains over 80 longitudinal fi beroptic cables 
(diameter 100 μm) that emit light at the tip of the sheath 
(Fig.  19.1 ). Based on the original clinical studies using the 
SLS II TM  sheath, the laser console in current practice is pro-
grammed with fi xed repetition rate of 40 Hz and fl uence 
(output energy per unit area fi ber) of 60 mJ/mm 2 . It has 
become clear that in certain clinical situations, more energy 
is required to achieve the desired clinical effects. More 
recently the Glidelight TM  sheath has been introduced to 
clinical practice which allows a faster repletion rate (up to 
80 Hz) and higher energy (may be titrated between 25 and 
80 mJ/mm 2 ). The physical properties of these sheaths are 
the same, only the control chip is modifi ed to allow changes 
in the above parameters. Published outcomes and clinical 
experience with the Glidelight TM  sheath is limited at the 
current time but based on bench research data [ 1 ], the tech-
nology allows equal or better tissue dissection with less 
mechanical force application (55 % less force), potentially 
limiting the chance of a vascular tear [ 2 ].

   Tefl on or polypropylene based outer sheaths may be used 
over the laser sheath to provide support and also help if 
needed with counter pressure at the lead tip site (discussed 
below under “Technical details of laser lead extraction”). 
These sheaths have a beveled and fl at end and more recent 
upgrades include a radiopaque marker for better visualiza-
tion under fl uoroscopy (Fig.  19.2 ). The beveled end of the 

outer sheath should not be used near the myocardium due to 
risk of perforation. In our center, we exclusively use the fl at 
end for dissection and support.

       Indications for Lead Extraction 

 Current recommendations by the Heart Rhythm Society pro-
vide comprehensive and up-to-date guidance for lead man-
agement in common clinical situations (summarized in 
Table  19.1 ) and institutional standards to perform lead extrac-
tion safely [ 3 ]. Patient selection, as with any invasive treat-
ment, is crucial to maximize safety and effi cacy. The risks and 
benefi ts have to be estimated and considered for each indi-
vidual patient. The risks calculation should take into consid-
eration implant and patient characteristics, comorbidities, 
availability of a physician with adequate training and experi-
ence in lead extraction, as well as of an operating room with 
cardiopulmonary bypass capability and cardiac surgical back-
up. Benefi t calculation should consider the life expectancy of 
the patient and consequences of not doing the procedure. Due 
to a high risk associated with this procedure, lead extractions 
should be performed when benefi ts outweigh potential risks 
or complications. The indication for lead extraction should be 
independent of the choice of the extraction tools. In optimal 
conditions, there are fi ve major clinical categories to consider 
(detailed in Table  19.1 ): (a) CIED infection; (b) thrombosis or 
venous stenosis; (c) non-functional leads; (d) superfl uous 
functional leads; and (e) chronic pain. In general, there is no 
absolute mandatory indication for lead extraction that applies 
regardless of the clinical situation.

  Fig. 19.1    Illustration of the Glidelight TM  (Spectranetics, USA) laser 
sheath tip (Courtesy of Spectranetics)       

  Fig. 19.2    Illustration of the Visi Sheath (Spectranetics, USA) 
(Courtesy of Spectranetics)       
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     Table 19.1    Indications for lead extraction   

  Infection  

  Class I  
  (Complete device and lead removal 
is recommended)  

 Defi nite CIED system infection, as evidenced by valvular endocarditis, lead 
endocarditis or sepsis. 

  Level of evidence: B  

 CIED pocket infection as evidenced by pocket abscess, device erosion, skin 
adherence, or chronic draining sinus without clinically evident involvement 
of the transvenous portion of the lead system 

  Level of evidence: B  

 Valvular endocarditis without defi nite involvement of the lead(s) and/or 
device 

  Level of evidence: B  

  Class IIa  
  (Complete device and lead removal 
is reasonable)  

 Persistent occult gram-negative bacteremia   Level of evidence: B  

  Class III  
  (Device and lead removal is not 
indicated)  

 Extraction is not indicated in superfi cial or incisional infection without 
involvement of the device and/or leads 

  Level of evidence: C  

 Extraction is not indicated to treat chronic bacteremia due to a source other 
than the CIED, when long-term suppressive antibiotics are required 

  Level of evidence: C  

  Thrombosis or venous stenosis  

  Class I  
  (Lead removal is recommended)  

 Clinically signifi cant thromboembolic events associated with thrombus on a 
lead or a lead fragment 

  Level of evidence: C  

 Bilateral subclavian vein or SVC occlusion precluding implantation of a 
needed transvenous lead 

  Level of evidence: C  

 Planned stent deployment in a vein already containing a transvenous lead, to 
avoid entrapment of the lead 

  Level of evidence: C  

 Superior vena cava stenosis or occlusion with limiting symptoms   Level of evidence: C  

 Ipsilateral venous occlusion preventing access to the venous circulation for 
required placement of an additional lead when there is a contraindication for 
using the contralateral side (e.g. contralateral AV fi stula, shunt or vascular 
access port, mastectomy) 

  Level of evidence: C  

  Class IIa  
  (Lead removal is reasonable)  

 Ipsilateral venous occlusion preventing access to the venous circulation for 
required placement of an additional lead, when there is no contraindication 
for using the contralateral side 

  Level of evidence: C  

  Functional leads  

  Class I  
  (Lead removal is recommended)  

 Life threatening arrhythmias secondary to retained leads   Level of evidence: B  

 Leads that, due to their design or their failure, may pose an immediate threat 
to the patients if left in place. (e.g. Telectronics ACCUFIX J wire fracture 
with protrusion) 

  Level of evidence: B  

 Leads that interfere with the operation of implanted cardiac devices   Level of evidence: B  

 Leads that interfere with the treatment of a malignancy (radiation/
reconstructive surgery) 

  Level of evidence: C  

  Class IIb  
  (Lead removal maybe considered)  

 Abandoned functional lead that poses a risk of interference with the 
operation of the active CIED system 

  Level of evidence: C  

 Leads that due to their design or their failure pose a potential future threat to 
the patient if left in place. (e.g. Telectronics ACCUFIX without protrusion) 

  Level of evidence: C  

 Leads that are functional but not being used. (i.e. RV pacing lead after 
upgrade to ICD) 

  Level of evidence: C  

 Patients who require specifi c imaging techniques (e.g. MRI) that cannot be 
imaged due to the presence of the CIED system for which there is no other 
available imaging alternative for the diagnosis 

  Level of evidence: C  

 Patients in order to permit the implantation of an MRI conditional CIED 
system 

  Level of evidence: C  

  Class III  
  (Lead removal is not indicated)  

 Patients with functional but redundant leads if patients have a life 
expectancy of less than 1 year 

  Level of evidence: C  

 Patients with known anomalous placement of leads through structures other 
than normal venous and cardiac structures, (e.g. subclavian artery, aorta, 
pleura, atrial or ventricular wall or mediastinum) or through a systemic 
venous atrium or systemic ventricle. Additional techniques including 
surgical backup may be used if the clinical scenario is compelling 

  Level of evidence: C  

(continued)

19 Application of Excimer Laser for Percutaneous Extraction of Pacemaker and Defi brillator Leads



258

   An infection of the CIED is the most compelling indica-
tion for complete system extraction. There is a wide range of 
disease spectrum from chronic device pocket pain to severe 
pocket erythema, erosion and sepsis and endocarditis. 
Experience is required to make appropriate management 
decision in each individual case. 

 Indication of lead extraction in a non-infected system is 
less clear and may be controversial (Table  19.1 ). It is in these 
cases that all clinical circumstances have to be taken into con-
sideration prior to recommending lead extraction. As a general 
guide for the management of superfl uous leads in asymptom-
atic patients, 4 or less leads in a single vein or 5 or less leads in 
the superior vena cava are considered acceptable. Clinical cir-
cumstances should be also considered, such as the age of the 
patient, projected longevity, ease or diffi culty of lead explanta-
tion. For example if lead extraction is recommended for a 
failed atrial lead in a biventricular system, it should be consid-
ered that the left ventricular lead may also suffer damage dur-
ing the explant and if coronary sinus branches are limited, a 
new percutaneous lead implant may not be feasible.  

    Clinical Experience with Lead Extraction 

 As the number of cardiac implantable defi brillator (ICD) and 
permanent pacemaker (PPM) implants and life expectancy 
have increased over the years, the number of ICD and PPM 
system malfunction and infections requiring extraction has 
also risen. An estimated 10,000–15,000 PPM and ICD leads 
are extracted annually worldwide [ 4 ]. New indications for 
ICD therapy have led to an increasing number of ICDs placed, 
and cardiac resynchronization therapy (CRT) requiring more 
leads per patient have contributed to increased need for lead 
extractions. Infection rates have also increased as the number 
and complexity of devices increased [ 5 ]. Additionally, lead 
recalls and malfunctions have added to the increasing number 
of lead extractions [ 6 ]. With the advent and safety of laser-
assisted transvenous lead extraction (TLE), the trend world-
wide has been toward utilizing the available and developing 
technology for transvenous lead removal and increased oper-
ator volumes, leading to improved operator experience, safety 
profi le and procedural and patient outcomes [ 5 ,  7 ]. In Europe, 

Table 19.1 (continued)

  Non-functional leads  

  Class I  
  (Lead removal is recommended)  

 Patients with life threatening arrhythmias secondary to retained leads or lead 
fragments 

  Level of evidence: B  

 Leads that, due to their design or their failure, may pose an immediate threat 
to the patients if left in place. (e.g. Telectronics ACCUFIX J wire fracture 
with protrusion) 

  Level of evidence: B  

 Leads that interfere with the operation of implanted cardiac devices   Level of evidence: B  

 Leads that interfere with the treatment of a malignancy (radiation/
reconstructive surgery) 

  Level of evidence: C  

  Class IIa  
  (Lead removal is reasonable)  

 Leads that due to their design or their failure pose a threat to the patient, that 
is not immediate or imminent if left in place. (e.g. Telectronics ACCUFIX 
without protrusion) 

  Level of evidence: C  

 If a CIED implantation would require more than 4 leads on one side or more 
than 5 leads through the SVC 

  Level of evidence: C  

 Require specifi c imaging techniques (e.g. MRI) and cannot be imaged due 
to the presence of the CIED system for which there is no other available 
imaging alternative for the diagnosis 

  Level of evidence: C  

  Class IIb  
  (Lead removal maybe considered)  

 At the time of an indicated CIED procedure, in patients with non-functional 
leads, if contraindications are absent 

  Level of evidence: C  

 To permit the implantation of an MRI conditional CIED system   Level of evidence: C  

  Class III  
  (Lead removal is not indicated)  

 Non-functional leads if patients have a life expectancy of less than 1 year   Level of evidence: C  

 Known anomalous placement of leads through structures other than normal 
venous and cardiac structures, (e.g. subclavian artery, aorta, pleura, atrial or 
ventricular wall or mediastinum) or through a systemic venous atrium or 
systemic ventricle. Additional techniques including surgical backup may be 
used if the clinical scenario is compelling 

  Level of evidence: C  

  Chronic pain  

  Class IIa  
  (Device or lead removal is 
reasonable)  

 Severe chronic pain, at the device or lead insertion site with signifi cant 
discomfort unable to be managed by medical or surgical techniques and for 
which there is no acceptable alternative 

  Level of evidence: C  

  Note: Level of Evidence 
 A: Data derived from multiple randomized clinical trials or meta-analyses 
 B: Data derived from a single randomized trial, or non-randomized studies 
 C: Consensus opinion of experts, case studies, or standard of care 
 Level of Evidence B or C should not be construed as implying that the recommendation is weak  
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very few surveyed centers (5 %) performed or attempted TLE 
before 1988; whereas from 2000 to 2011 TLE was performed 
in 60 % of centers [ 8 ,  9 ]. In the US, the use of laser cautery in 
1994–1999 was 6 %, [ 6 ] and is expected to be much higher 
now (summarized in Table  19.2 ) [ 5 ,  10 ].

      Worldwide Practice Patterns of Transvenous 
Lead Extractions 

 It is instructive to fi rst understand the worldwide practice 
patterns of transvenous lead extraction as practice is criti-
cally tied to outcomes. Table  19.2  provides a snapshot of 
worldwide practice, based on European and United States 
(US) single center experience, multicenter registries and sur-
veys of physician practices over the past 15 years [ 6 – 8 ,  11 ]. 
There is broad similarity in European and US practices. 
First, cardiologists and electrophysiologists form the major-
ity (over 80 %) of operators with cardiac surgeons making up 
the balance. However, only between 60 and 75 % of lead 
extraction procedures are performed in the presence of 
immediately available and onsite cardiac surgical backup. 
Procedural volumes also vary signifi cantly. Although most 
centers (>80 %) perform at least ten procedures/year or 50 
leads/year, only 4.5 % of European centers perform >100 
lead extractions per year. A minority (25–36 %) of proce-
dures are performed in an operating room or hybrid labora-
tory and the rest in the cardiac catheterization or EP 
laboratory. In terms of equipment used, most procedures 
(88 %) in Europe are performed with at least a locking stylet, 
and a quarter of the laboratories use a laser cautery sheath 
[ 8 ]. Overall, European procedures are more frequently 

 performed without available surgical backup and within the 
cardiac catheterization or EP laboratory rather than in the 
OR [ 8 ,  10 ]. Beyond US and Europe, practice patterns have 
not been systematically evaluated.  

    Outcomes of Transvenous Lead Extractions 

 Despite differences in European versus US practices related 
to availability of surgical back-up, outcomes are generally 
similar, with complete procedural success in 90 %, partial 
success in 5 %, overall mortality of 0.5–1 % and major com-
plication rates of 1–5 % [ 4 – 8 ,  11 ]. The Heart Rhythm Society 
defi nes partial or complete procedural success radiologically. 
Partial success is defi ned retained lead insulation or lead seg-
ment >4 cm. Clinical success is the achievement of the desired 
clinical outcome [ 3 ,  12 ]. For example, leaving a small portion 
of the lead within the heart in the case of device pocket infec-
tion is considered an incomplete procedural success however; 
complete resolution of infection means having achieved the 
desired clinical outcome [ 3 ,  12 ]. Notwithstanding the differ-
ences in reporting owing to variable defi nitions of procedural 
versus clinical success, or partial versus complete procedural 
success, lead extractions can be performed safely, although 
not without complications [ 4 ,  5 ,  7 ,  11 ]. Table  19.3  lists poten-
tial major and minor complications of lead extraction [ 3 ].

   Over the past 30 years, improvements in extraction tech-
niques and technology, and surgical preparedness have 
resulted in a gradual decline in major adverse events and 
mortality (Fig.  19.3 ). Major complication rates are less than 
2 %, and in-hospital mortality is less than 1 % in experienced 
centers [ 13 ,  14 ]. A Multivariate analysis of US registry data 

    Table 19.2    Comparison of US and European Data on practice patterns and outcomes [ 6 – 8 ,  10 ,  11 ]   

 US [ 6 ,  7 ,  10 ,  11 ]  Europe [ 8 ] 

 Institutional volume/year  <10 procedures/year: 15  50 leads/year: 84 

 10–25 procedures/year: 42  50–100 leads/year: 11.5 

 26–50 procedures/year: 23  >100 leads/year: 4.5 

 >50 procedures/year: 19 

 Onsite and available CTS backup (%)  75  60 

 OR or hybrid OR (%)  36  25 

 Cardiologist/EP primary op (%)  83  88 

 Indication (% infection)  27 (1996–1999)  70 (data from 2001 to 2011) 

 Leads (%)  Pacing  60  73 

 ICD  39  24 

 Other  1  2 

 Equipment (%)  Laser sheath  NA  26–28 

 Locking stylet  NA  88 

 Major complication (%)  1–5 (perceived); 1.9 (real)  1–5 

 Mortality (%)  0.5–1 (perceived); 0.8 (real)  0.5–1 

 Procedural success (radiological)  Complete (%)  93  88 

 Partial (%)  5  7 

 Failed (%)  2  5 
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from 1994 to 1999 demonstrated four predictors of major 
complications using the defi nitions described in the North 
American Society for Pacing and Electrophysiology 
(NASPE) recommendations document. The major complica-
tion rate was 1.6 % [ 12 ]. Predictors of major complications 
are implant duration of oldest lead, female gender, presence 
of ICD lead, non-use of laser extraction technique and lower 
procedural volume [ 12 ]. Additionally, renal failure, and low 
body mass index are also independent predictors of major 
complications in a retrospective observational study [ 5 ]. In 
the only US randomized trial of laser versus non-laser TLEs 
performed to date for PPM leads, [ 7 ] complete lead removal 
rate was 94 % in the laser group and 64 % in the non-laser 
group (p = 0.001). Failed non-laser extraction was completed 
with the laser tools 88 % of the time. From a procedural suc-

cess standpoint, infected leads are extracted as successfully 
as leads with functional defects, however, complications 
from infection (Table  19.3 ) can arise.

   Another major determinant of outcome is the experi-
ence of the operator and volume at the extraction center. 
Byrd et al. [ 6 ] included retrospective data from 226 cen-
ters, 2338 patients and 3540 leads, and reported major 
complications in 1.4 % (<1 % for centers with >300 extrac-
tion procedures). Risk of incomplete or failed extraction 
decreased when procedural experience is greater than or 
equal to 20 prior procedures. After 20 procedures, subse-
quent decline in complication rate reaches a plateau [ 6 ] 
(Fig.  19.4 ). The overall complication rates will continue to 
decline as experience with laser lead extraction increases 
(Fig.  19.4 ) [ 7 ] and adherence to guidelines improves [ 3 ]. 

    Table 19.3    Potential major and minor complications of lead extraction [ 3 ,  11 ]   

 Major complications  Minor complications 

 Death  Pericardial effusion not requiring intervention 

 Cardiac avulsion requiring intervention (percutaneous or surgical)  Hemothorax not requiring intervention 

 Vascular injury requiring intervention (percutaneous or surgical)  Pocket hematoma requiring reoperation 

 Pulmonary embolism requiring surgical intervention  Upper extremity thrombosis resulting in medical treatment 

 Respiratory arrest/anesthesia-related complication prolonging 
hospitalization 

 Vascular repair near implant site or venous entry site 

 Stroke  Hemodynamically signifi cant air embolism 

 CIED infection at previously noninfected site  Migrated lead fragment without sequelae 

 Blood transfusion as a result of intraoperative blood loss 

 Pneumothorax requiring a chest tube 

 Pulmonary embolism not requiring surgical intervention 

2.00 %

0.65 %
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2.00 %
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  Fig. 19.3    Procedural 
outcome of laser-assisted 
lead extraction 
demonstrating major adverse 
events (MAEs) and 
procedural mortality. 
 PLEXES  Pacemaker lead 
extraction with the laser 
sheath: results of the pacing 
lead extraction with the 
excimer sheath (Adapted 
from Birgersdotter-Green 
and Pretorius [ 24 ])       
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Single center study showed that experienced device 
implanters may achieve adequate results following a short 
intensive course on lead extraction [ 15 ]. From a systems 
prospective, the ability to promptly initiate an emergent 
surgical procedure with an experienced cardiothoracic sur-
geon cannot be overemphasized.

   More contemporary lead extraction data (for leads 
implanted >1 year) was also reported from analysis of the 
National Cardiovascular Data Registry for a 2-year period 
(from 2010 to 2012) [ 16 ]. In a “real-world” experience in 
11,304 patients from 762 centers, the peri-procedural 
major complication rate for ICD and pacemaker leads was 
2.3 % and 2 %, respectively. Urgent surgery was required 
in 0.3 %. Intraoperative and in-hospital mortality was 
0.16 % and 0.9 %, respectively. The mortality of patients 
who needed emergency cardiothoracic surgery was 34 %. 
Multivariate analysis identifi ed female gender, infection, 
≥3 leads extracted, lead dislodgement during prior proce-
dure, heart failure, older age as patient related predictors 
for major complications. Specifi c adverse characteristics 
to ICD leads included smaller lead diameter, fl at coil 
design and greater proximal surface coil area. While the 
data has only been published in abstract form at the cur-
rent time and clinical data was not complete, it is reassur-
ing to see that safety and effi cacy of lead extraction in a 
very broad patient and institutional population was simi-
lar to prior studies from large volume institutions [ 6 ,  7 , 
 11 ,  12 ,  17 ].  

    Prophylactic Lead Extractions: An Emerging 
Paradigm? 

 Several studies [ 9 ,  14 ] have reported outcomes with prophy-
lactic extraction of leads that are on manufacturer’s advisory 
during generator change in young patients who are expected 
to have a long lead indwelling time. A recent report [ 14 ] 
modeled the risk-benefi t ratio in such a prophylactic extrac-
tion strategy during generator change, in various hypotheti-
cal clinical and patient permutations, and found that the 
benefi ts outweigh the risks in young patients with fewer co- 
morbidities and long indwelling times. Although this prac-
tice remains controversial, as experience with laser extraction 
technology improves and centers and operator volumes 
increase, the shift will likely to occur towards a more aggres-
sive approach in carefully selected patients.  

    Outcomes of Percutaneous Lead Extraction; 
Data from Hunter Holmes McGuire VAMC 
and Virginia Commonwealth University 

 In the following section, we review the combined lead 
extraction data from the Virginia Commonwealth University 
and the Hunter Holmes McGuire VAMC, Richmond, 
Virginia, USA. The data was gathered from the locally col-
lected lead extraction database, reviewed for a 5-year period 
between 2009 and 2014. Lead extraction was defi ned as 
removal of a chronic lead implanted >12 months or need for 
use of advanced tools (i.e. locking stylet, sheath). During the 
review period 123 patients were identifi ed. Patient character-
istics are summarized in Table  19.4 . All procedures were per-
formed in the operating room with cardiopulmonary bypass 
service and cardiothoracic surgeon on stand-by. General 
anesthesia was used in >95 % of the cases. Laser sheath was 
used in 72 % of the cases and in combination with other 
modalities (femoral work station, snare etc) in another 6 %. 
In 18 %, non-laser based advanced tools were used. Simple 
traction with lead locking device was successfully used as a 
primary technique in 4 %. The indication for extraction was 
infection in 62 %, lead integrity failure in 34 % and “prophy-
lactic” extraction of a recalled lead in 4 %. Extraction was 
successful in 98 %, partially successful in 2 % (lead frag-
ment >4 cm remained in the body). Major complications 
related to lead extraction occurred in one case in a critically 
ill patient with sepsis. Dissection of the coronary sinus dur-
ing laser ablation of an active fi xation coronary sinus lead 
required open heart surgery for repair. The patient subse-
quently expired due to disseminated intravascular coagula-
tion. The overall in-hospital mortality was 2.4 %, all deaths 
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  Fig. 19.4    The fi gure illustrates the difference in combined success rate 
and complication rate related to operator experience. There is rapid 
decline in complications following the fi rst 20 cases with continued 
slow improvement up to 400 cases (graph on  top ). Similarly, success 
rate gradually increases with additional experience ( bottom  graph) [ 11 ]       
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resulted from sepsis. The median hospital stay was 8 days 
(mean 12 ± 14 days; range: 2–91 days).

   Data from our centers mimic the experience of other high 
volume institutions. Lead extraction may be performed with 
relatively low risk if trained personnel are available and an 
institutional environment and safety safeguards are ade-
quately maintained. Despite of a relative procedural safety, 
device infection identifi es a patient cohort with higher mor-
bidity and mortality.   

    Technical Details of Laser Lead Extraction 

     Preoperative Patient Preparation 

 Careful preoperative patient management for any invasive 
procedure is important. While lead extraction in a low-risk 
profi le patient is not a high risk intervention per se, if com-
plications occur those tend to be severe. Outcomes are fur-
ther compromised by frequent serious comorbidities and 
reduced physiologic reserve. Optimal management of com-
plications would involve a multidisciplinary approach and 
well-organized team work. A full assessment and detailed 
planning would help to mitigate potential problems during 
and after the procedure and help to respond to unexpected 
events. In this section, rather than reviewing all possible clin-
ical scenarios, we will provide a general overview and high-
light common, important clinical decision points. 

 The fi rst step of the preoperative evaluation is to identify 
any treatable underlying medical problems before the sur-
gery (Table  19.5 ). The fi rst decision point is to determine 
the urgency of the operation. At the extremes of examples, 
a patient with acute bacterial endocarditis and septic embo-
lization from a pacemaker lead vegetation would require an 
urgent, lifesaving intervention and pre-operative work 
should focus on treatment of quickly reversible major 
abnormalities (i.e. optimize fl uid status, heart rate control 

etc). On the other hand, a non-pacemaker dependent patient 
who requires a system revision and needs lead extraction to 
allow access to the central venous system should have all or 
most non-urgent medical problems optimized (such as 
blood sugar control, blood pressure control etc) in order to 
minimize perioperative risks. Several aspects of pre-opera-
tive patient preparation may be standardized and use of pre-
specifi ed check lists should be encouraged to help minimize 
risk of oversight (Table  19.6 ). In the scheduling and early 
preoperative phase, arrangements need to be made for 
availability of industry support if needed (for example 
Spectranetics or pacemaker/ICD device company) and 
tools be available. In terms of location of the procedure, 
this is a center-specifi c decision with careful consideration 
for resources (operating room vs. cardiac catheterization 
laboratory). In general, a setting should be chosen that 
allows adequate fl uoroscopic visualization during the case 
but also a very quick access to an urgent open heart inter-
vention. In our opinion, despite some debate, the ideal loca-
tion for this procedure is in a hybrid operating room with 
high quality fl uoroscopy and immediate availability of a 
heart-lung perfusion system.

    In our center, we perform all high risk lead extractions 
(lead implant >12 months) in the operating room with car-
diothoracic surgery backup. The patients undergo preopera-
tive screening visit by the electrophysiology and the 
anesthesia team. Routinely performed preoperative blood 
tests and imaging studies are summarized in Table  19.6 . 
Individualized decision is made regarding the need for gen-
eral anesthesia or conscious sedation. Patient is advised to 
maintain NPO status for 8 h and all oral anticoagulants and 
antiplatelet agents (except aspirin) are stopped for at least 5 
days with individualized bridging strategy. It is important to 
assess the pacemaker or ICD lead position with chest X-ray, 
echocardiography and electrocardiogram (is there inadver-
tent left atrial or left ventricular lead position?), identify the 
lead fi xation mechanism and course of the leads as well as 

   Table 19.4    Basic patient 
characteristics of patients   

 Number of patients  123 

 Age (years)  61 ± 15 

 Male Gender (%)  75 

 Diabetes mellitus type II (%)  31 

 NYHA Class  1.8 ± 0.7 

 Pacemaker dependency (%)  44 

 Coronary artery disease (%)  56 

 Prior sternotomy (%)  28 

 Ejection fraction (%)  40 ± 15 

 Age of oldest lead at explant (months)  84 ± 65 (range 6–300 months) 

 Average number of leads per patient  2 ± 0.9 

 Patients with defi brillation lead (%)  63 % 

 Total number of leads removed  244 

  Data from retrospective data analysis from the Virginia Commonwealth University and the Hunter Holmes 
McGuire VAMC  
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the number of leads and possible calcifi cations around the 
leads. Prior operative reports should be available to identify 
any diffi culties during the implant and specifi c details of the 
implanted hardware, including lead manufacturer and lead 
model. In some centers, chest CT is performed to evaluate 
for possible lead perforation or extravascular course of the 
lead [ 18 ].  

    Intraoperative Technical Details 

 In the preoperative area, all critical aspects of the case are 
reviewed in collaboration with the anesthesia team. We con-
fi rm the availability of all team members, including CT sur-
geon on stand-by, equipment (laser console, fl uoroscopy, 
transesophageal echocardiogram) and an unchanged clinical 

   Table 19.5    General 
principles of preoperative 
patient preparation   

 Task  Specifi c focus 

 Preoperative history 
 13 point system assessment 

 Cardiovascular history (MI, stroke, VT, AF) 

 Cardiac, vascular or thoracic surgeries 

 Other major surgeries 

 Anesthesia history 

 Device implant history 

 Indication for device therapy 

 Ongoing infection 

 Diabetes care 

 Dialysis needs 

 Preoperative physical exam  Blood pressure control 

 Fluid status 

 Heart failure status 

 Device site 

 Nutritional status 

 NPO status 

 Medications  Watch with predominant renal clearance 

 Watch with narrow therapeutic margin 

 Antidiabetics (stop or modify dose) 

 Anticoagulant (stop) 

 Antiplatelet (stop if feasible except ASA) 

 Steroid use (risk of perforation) 

 Social history  Illicit drug use (consider screening) 

 Smoking (increased complications) 

 Postoperative care (especially for long term antibiotics or wound 
care if needed) 

 Laboratory evaluation and imaging  Basic chemistry 

 Liver and renal panel 

 Coagulation panel 

 Electrocardiogram (paced/non-paced if possible) 

 Chest X-ray (AP/lateral) 

 Echocardiogram (Chest CT) 

    Table 19.6    Lead extraction 
specifi c preoperative 
considerations   

 Task  Specifi c focus 

 Determine indication for extraction  Urgency, adequacy of indication 

 Device history  Device type 

 Implant date 

 Specifi c lead history  Company 

 Model 

 Type (active/passive fi xation) 

 Serial number(s) 

 Lead diameter 

 Prior lead interventions (any cut leads) 

 Indication of device therapy and intervention  Need for reimplantation during the case 

 Consider other access sites, alternative techniques 
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status of the patient. We have four units of packed red blood 
cells available in the room at the start of the case. We utilize 
a special portable locker for all necessary extraction and 
emergency tools (i.e. special wires, sheaths, extraction kits, 
snares, pericardiocentesis tray) and the list of tools is evalu-
ated weekly to assure adequate reserve. 

 Patients undergo prepping from the neck to the mid thighs 
and drapes are placed to allow access to the groins, subxy-
phoid region and also to the thorax in case of a need for tho-
racotomy. Hemodynamic parameters are monitored with an 
arterial line (brachial or femoral), end tidal CO 2  monitor and 
EKG. Two large bore venous sheaths are placed in the right 
femoral vein. Temporary pacer is only inserted for pace-
maker dependent patients but access and equipment for pac-
ing is readily available. The second access is used to advance 
an exchange length stiff wire (0.035 mm Wholey; Covidien, 
Plymouth, MN) to the left or right subclavian vein to assist 
with access for balloon insertion and venous tamponade in 
case of a vascular tear. 

    Preparation of Equipment 
 In designing the site and length of skin incision, consideration 
should be given to permit access to all lead segments in the 
pocket but also to allow alignment of laser sheath with the 
lead entry site and the initial subclavian segment of the lead. 
Some centers perform two incisions to achieve these goals. 
After the pocket is opened, the leads are freed from the fi brous 
tissue and suture sleeves removed. Once the leads are discon-
nected, a soft stylet is introduced to clear the lead lumen. 
Excessive lead manipulation should be avoided especially 
when older leads (>5 years old) are involved. Following an 
attempt to retract the lead screw (in active fi xation leads), 
gentle traction may be applied under fl uoroscopy guidance to 
assess adhesion and adherence to the vascular structures. If 
gentle traction fails to move the lead, a few rounds of clock-
wise and counterclockwise rotations may be used to free 
adhesions. If the lead is older or a lead fracture is suspected, 
we prefer to introduce a lead locking device early and before 
any lead manipulation to minimize the risk of losing access to 
the inner coil channel. Before the lock-in device is intro-
duced, the lead should be cut close to the lead pin or the yolk 
(ICD leads) with sharp scissors and lead insulation carefully 
peeled off with a blade. Once the pace-sense coil is exposed, 
the lead locking tool is advanced all the way to the lead tip 
under fl uoroscopy and manually deployed. Failure to advance 
the locking device to the tip is associated with unsuccessful 
extraction. We predominantly use the Lead Locking Device 
(LLD TM ) or LLD EZ  TM  (Spectranetics, Colorado Springs, 
CO, Fig.  19.5 ). Each individual components of the lead, 
including defi brillator coils and lead body, is secured with 0 
silk ties. Alternatively, a Bulldog Extender (Cook Medical, 
Bloomington Indiana, USA) may be used to lock the defi bril-
lator coils. The laser sheath is then calibrated, fl ushed and the 

prepared lead apparatus is fed back through the laser sheath. 
We always load an outer sheath. We cut the outer sheath by 
5–8 cm at the angled end but the cut part would not enter the 
body. We fi nd it helpful to support the laser sheath with the 
outer sheath at the subclavian vein and on occasion in the 
innominate vein and the shortened sheath allows a better con-
trol of the laser sheath at the vein entry site. If support is 
needed in a more proximal section, the outer sheath may need 
to be changed out to a longer, uncut one. The outer sheath 
may also serve as a vehicle to maintain vascular access after 
successful lead extraction. We invariably choose the smallest 
laser sheath that would accommodate the lead. A helpful 
guide for sizing of the sheath is available at the Spectranetics 
website (  http://www.spectranetics.com/physicians/lead-man-
agement/lead-lookup/    ; accessed January 22, 2015).

       Technical Details of Extraction 
 The basic technical principle of the laser lead extraction 
technique is that the lead is used as a rail for support as the 
laser sheath apparatus is advanced while lasing. This is 
accomplished by steady pull (“countertraction”) while the 
laser is gradually advanced or pushed (“counterpressure”). If 
there is an imbalance between these forces, there is a risk of 
injury to the venous structures or disintegration of lead com-
ponents (i.e. laser sheath is pushed more forcefully or leads 
pulled excessively). There is signifi cant variability in the 
force of countertraction and counterpressure between experi-
enced operators but invariably, the balance between the two 
forces should be always maintained. With experience, tactile 
feedback during the extraction process will also help to read-
just the applied forces so that the lead integrity is maintained 
as much as possible. It is important to remember that the goal 
of this technique is to use laser energy to vaporize the adhe-
sion sites and minimize the need for mechanical separation 
of the leads using forceful movement of the sheaths as the 
latter is more likely to cause venous tear. In general, gradual 
progression of the laser sheath is preferred to maintain con-
trol of the movement in the vasculature. Newer generation 
laser sheaths (GlideLight TM ) with higher pulse frequency and 
increased energy has been shown to allow improved effi cacy 
with less use of mechanical force. The increased power may 

Spectranetics lead locking device; deployed

Spectranetics lead locking device; non - deployed

  Fig. 19.5    Illustration of Spectranetics lead locking device (Courtesy of 
Spectranetics)       
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potentially be associated with higher risks. There are several 
general vascular areas that are associated with diffi culty and 
increased complications (illustrated in Fig.  19.6 ). At the 
lead entry site, calcifi cation may be encountered and exter-
nal compression from skeletal structures at the fi rst rib/
clavicle region may cause further challenge in advancing 
the apparatus. In addition, the change in course of the lead, 
as in other parts of the vascular system warrants increased 
vigilance. As the laser sheath is aligned, a parallel course 
with the lead has to be assured (Fig.  19.7 ). The bevel of the 
laser tip needs to be directed in such a way that the distal 
part is kept in line with the inner curvature of the course of 
the lead (Figs.  19.7  and  19.8 ) so as the sheath is advanced, 
the distal, sharp part of the sheath remains closest to the lead 

and minimize risk of “shaving off” the venous wall further 
away from the lead. Maintaining proper sheath orientation 
is important throughout the procedure but especially at the 
subclavian vein and the junction of the innominate vein and 
superior vena cava. This latter region is a common site for 
lead adhesion and also for risk to venous tears. As the laser 
sheath is advanced further, adhesions may be seen at the 
tricuspid annulus and the right ventricle. Lasing in this 
region is commonly associated with development of extra-
systoles or ventricular tachycardia. These usually subside 
with cessation of lasing. On occasion, the whole distal 
length of the lead is fi brosed to the surrounding cardiac tis-
sue and lasing is required all along the course. Once the 
sheath reaches approximately 1 cm from the lead tip, further 
lasing should not be done as the risk of perforation is 
increased. It is recommended to advance the outer sheath at 
this time all the way to the myocardium. Counter- pressure 
should be applied via the outer sheath to prevent invagina-
tion of the right ventricular myocardium as the lead is pulled 
back with gentle traction. Similar approach is used for the 
right atrial lead. While percutaneously implanted left ven-
tricular leads tend to pull out easily in most instances, spe-
cial precautions should be applied in select cases and this 
will be discussed in the section “ Special situations ”.

  Fig. 19.6    Illustration of intravascular and intracardiac sites that are 
commonly associated with increased lead adhesions.  CS  coronary 
sinus,  RA  right atrium,  RV  right ventricle,  SVC  superior vena cava       

  Fig. 19.7    Fluoroscopy image of the laser sheath as it enters the central 
venous circulation. Note a completely parallel orientation with the lead 
(marked with  white arrows ). The bevel points up and away from the 
minor curvature of the course of the lead. A  black arrow  points to the tip 
of the Wholey wire, inserted via the femoral vein       

  Fig. 19.8    Fluoroscopy image of the laser sheath at the superior vena 
cava. Lead dissection at the innominate vein-SVC-RA junction is the 
most dangerous area for a venous tear. This case is further complicated 
by the presence of a non-back-fi lled superior vena cava lead coil (dual 
coil ICD lead). In the current technological era of effective intracardiac 
defi brillation, dual coil lead implant should be rarely required. Note the 
bevel orientation of the laser sheath (approximated by the  white line ). 
Adequate traction on the lead allows a completely coaxial orientation of 
the sheath during lasing. This area was safely cleared with a 16 Fr 
sheath. Transesophageal echocardiogram probe is also seen (*). It is 
withdrawn to the superior esophagus to allow optimal fl uoroscopic 
visualization of the leads       
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          Special Situations 

   Fineline Lead Extraction 
 Discussion of the structural composition of each lead type is 
beyond the scope of this chapter, but one particular com-
monly used lead deserves a special mention due to unusual 
lead design. The Fineline lead family from Boston Scientifi c 
(formerly Guidant; Marlborough, MA) has been used with 
great long term results since 2000. The lead has a co-radial 
design, which means that the insulated cathode and anode 
coil wound together in parallel around the stylet tube 
(Fig.  19.9 ). The weakest link of the Fineline lead is the anode 
ring bond. If there is signifi cant traction proximal to the 
anode ring, the coil may break off and also the coils may 
stretch. As the LLD stylet locks along the whole lead length, 
uncoiling is more frequent with its use. We therefore prefer 
to use the Cook Liberator stylet (Cook Medical, Bloomington 
Indiana, USA) which locks only at the most distal lead point. 
We also recommend keeping the lead pin intact as cutting the 
lead makes the coils more likely to unwind. In order to pass 
a 12 Fr laser sheath over the lead apparatus, the sealing ring 
has to be carefully shaved off the pin. During extraction, 
counter-traction should be applied carefully during advance-
ment of the laser to preserve lead integrity.

      Coronary Sinus Lead Extraction 
 Cardiac resynchronization therapy commonly requires 
placement of pacing leads in the coronary sinus system. 
Most leads are designed in such a way that the pace-sense 
coil is open at the tip and accommodates a 0.014 mm 
 angioplasty wire. If a lock-in stylet or any other wire is intro-
duced via the lumen, close fl uoroscopy-based monitoring is 

important in order to avoid perforation as the wire exits the 
distal tip. Common adhesion sites for coronary sinus leads 
are similar to other leads (fi rst rib area, innominate vein/SVC 
junction). Adhesions in the coronary veins are rare (10 %) 
and mostly seen at the electrode sites. These leads are often 
explanted with gentle manual traction only. While currently 
an off-label application, small series have confi rmed the 
safety of laser application in the cardiac venous system in 
case manual traction fails but a venous tear commonly 
requires open heart surgery. Special consideration should be 
given if an active fi xation coronary lead is present in the cor-
onary sinus. The only FDA approved, Attain Starfi x model 
4195 lead (Medtronic, Minnesota, MN) is designed with 
deployable lobes to maximize stability in the vein. While the 
lobes are retractable by design, long term follow-up data has 
shown that the lobes would not withdraw in the majority of 
the cases after implantation. Successful removal of these 
leads frequently requires laser application within the coro-
nary veins with signifi cantly increased risk of complications. 
If diffi culties encountered during laser application, cardio-
thoracic, open-chest approach should be considered.  

    Extraction of Leads on Advisory 
 While lead failure may occur with any lead, over the history 
of device therapy, changes in lead design had resulted in 
products with higher than average failure rate. A historic 
example is the Telectronics Accufi x J shaped pacing lead. 
This lead was placed on recall in 1994 because patient inju-
ries and deaths occurred as a result of fracture of a retention 
J wire with subsequent cardiac or vascular laceration [ 19 ]. 
While prophylactic lead extraction was feasible, due to a 
low overall spontaneous event rates the risk/benefi t ratio 
favored conservative management for most patients [ 19 ]. 
More contemporary lead problems were related to ICD lead 
failures. The Sprint Fidelis leads (Medtronic, Minneapolis, 
MN) have been shown to have an increased risk of lead fail-
ure mainly due to pace-sense or high voltage conductor 
fracture. Lead failures resulted in loss of pacing or inappro-
priate ICD shocks. As these leads are designed with back-
fi lled defi brillation coils, tissue in-growth in the critical 
portion of the leads is markedly reduced and lead extrac-
tions have been safely performed and without an increased 
risk. The other recent lead advisory is related to the Riata 
lead family by St. Jude Medical. These leads are at risk to 
develop insulation failure. There is a 20–40 % chance to 
develop an inside-out erosion and externalization of the 
high voltage cables [ 20 ,  21 ]. As these cables have an addi-
tional ethylene tetrafl uorethylene (ETFE) coating, visual 
integrity failure does not mean an electrical abnormality. In 
addition, shorting of high voltage cables to defi brillation 
coil or ICD can has been shown with arcing and resultant 
ineffective defi brillation. Particular challenges may occur 
with these leads during the extraction due to increased bulk 

Ringa

b

Ring

Tip

Tip

Inner insulation Outer insulation

  Fig. 19.9    Illustration of the difference in lead design between coaxial 
and co-radial pacemaker leads.  Panel A : coaxial lead. The tip electrode 
is wrapped with insulation and the ring electrode is coiled around it. 
The ring electrode is covered by the outer insulation.  Panel B : coradial 
lead design. Ring and tip electrode is individually covered with insula-
tion and coiled down along the lead parallel to each other. The fi nal 
layer is formed by the outer insulation       
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of the lead and possible thrombus formation at the site of an 
externalization [ 22 ]. Pre-operative imaging studies, such as 
CT or echocardiography should be encouraged. There are 
several points to consider during extraction. During prepa-
ration of the leads, it is recommended to make adjustment to 
the high voltage coil extrusion by pulling back individually 
on these components. This maneuver will minimize the lead 
bulk and often allows proceeding through the externalized 
area without upsizing of the sheath. “Snowplowing” effect 
is commonly encountered despite the best efforts and upsiz-
ing of the laser sheath is commonly required. Another chal-
lenge with the Riata Tm  leads is the lack of coil backfi ll and 
increase tissue ingrowth in these areas. Despite these chal-
lenges, in experienced hands the safety and effi cacy of lead 
extraction with the advisory leads are comparable to other 
leads [ 23 ].  

   The Diffi cult Lead Extraction 
 Even the most experienced extractor will on occasion run 
into diffi cult cases. As with all complex procedures, the dif-
fi culties may be alleviated by appropriate preparation, 
thinking several steps ahead and expecting the next possible 
challenge in the case. Several factors have been identifi ed as 
predictors of a more diffi cult or riskier extraction 
(Table  19.7 ). By the virtue of the laser extraction procedure, 
access to the proximal lead is obligatory in order to advance 
the laser. Thus if leads are cut back too short or maybe 
pulled back into the venous circulation during a previous 
procedure, alternative methods would be needed for extrac-
tion. A chest X-ray would help to clarify this. If there is lead 
fracture and locking stylet cannot be advanced all the way to 
the lead tip, chance of failed extraction increases. In these 
cases counter- traction has to be limited in order avoid fur-
ther lead integrity disruption. If despite the best efforts the 
lead breaks, the remaining lead fragment would be explanted 
via another vascular access using a snare (via the femoral or 
jugular vein).

   The most common diffi culty is failure of advancing the 
laser sheath. The main reasons are vascular calcifi cation, 
inter-lead adhesions and lead interactions and “snowplow-
ing” of the insulation, vascular/fi brous tissue or other lead 
components (see “ Extraction of leads on advisory ” section). 
An example is shown in Fig.  19.10 . Known vascular calcifi -
cation is contraindication for laser extraction but it is very 
diffi cult to ascertain except in extreme cases. If the calcifi ca-
tion occurs at the fi rst rib/clavicular section, other mechani-
cal tools may be used to dilate and cross the area. More 
commonly, failure to advance occurs in the innominate vein 
and SVC region. In our experience, this is mainly due to 
snowplowing. On occasion advancing the outer sheath may 
help to equalize or “re-distribute” the build-up but com-
monly upsizing of the sheath is required for continued prog-
ress. Once the largest sheath is used, the options are very 
limited in case another tissue build-up develops; in those 
cases either mechanical dissection with the outer sheath or 
use of different technology (such as snare from a different 
access) may be required. Fibrous ingrowth affecting multiple 
leads is commonly seen and poses a signifi cant challenge. 

   Table 19.7    Predictors of diffi cult extraction or complications   

 Multiple leads 

 ICD lead 

 Presence of SVC coil 

 Lead implantation >5 years 

 Multiple leads 

 Prior extraction attempt 

 Tined lead fi xation mechanism 

 Active fi xation coronary sinus lead 

 Non-isodiametric lead design (step-ups along the course of the lead) 

 Non-back fi lled ICD coils 

 Female gender 

 BMI < 25 

 Operator experience 

a

b

  Fig. 19.10    Diffi cult lead extraction due to snowplowing effect. The 
fi gure illustrates an explanted right ventricular ICD lead.  Panel A  shows 
three areas of signifi cant fi brosis at the distal lead area. At the  black 
arrow  site, the 14 Fr laser sheath did not progress and it was upsized to 
a 16 Fr sheath. The 16 Fr sheath easily cleared this area but could not be 
advanced beyond the  white arrow  area due to a second incident of 
snowplowing. There was also a severe bend in the lead, partially due to 
extensive manipulations. The area at the  white arrow  and the distal coil/
ring electrode region (marked with a  cross ) was cleared with manual 
traction. The lead was withdrawn in its entirety and without any com-
plications.  Panel B  shows the laser sheath and lead as they were pulled 
out from the patient.  White arrow  marks the same area as in  Panel A        
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In case there is more than one lead present, we routinely pre-
pare each lead with a locking stylet and maintain traction on 
all leads. We routinely start the explant with the “easiest” 
lead, the one with the highest chance for extraction (most 
recently implanted lead fi rst; coronary sinus lead – >atrial 
lead – >ventricular lead). If progress is unsatisfactory with 
the fi rst lead, it is worthwhile to switch to another lead to free 
up adhesions or “debulk” using a different route.

   A special situation is when the lead tip is released from 
the myocardium but the mid segment of the lead remains 
locked due to adhesions. In these cases, especially if the 
Cook stylet is used, there is no good way to provide traction 
on the lead. This may be mitigated by snaring and holding 
the freed-up lead tip via a femoral access and thereby allow-
ing adequate traction on the lead to advance the laser sheath.    

    Management of Complications 

 Multiple factors infl uence the outcomes following a com-
plication. The type and degree of injury and the physiologic 
reserve of the patient are primary determinants but these 
factors cannot be modifi ed beyond a certain degree. 
Another, modifi able component is related to a system 
response. This includes presence of adequate, well-trained 
staff, adequate monitoring, availability of emergency imag-
ing and ancillary services and timely recognition of the 
abnormality with rapid intervention if needed. All emer-
gency equipment and supportive measures need to be pres-
ent as detailed in the “ Preoperative patient preparation ” 

section. As most serious complications result in sudden 
hemodynamic catastrophe, all team members have to know 
their role so the appropriate treatment steps may be fol-
lowed at the most effi cient fashion. Periodic mock simula-
tions may help to build a strong team cohesion and more 
effective response in case of an emergency. Management 
options for common and serious complications are summa-
rized in Table  19.8 .

       Postoperative Care 

 After successful lead extraction, the device pocket is man-
aged according to the presenting abnormality. Acute pocket 
infection is best managed by debridement and packing of the 
site to allow healing with secondary intention. Once drain-
age is improved, a negative pressure device may be used to 
enhance healing (wound V.A.C. TM  therapy). Alternatively, a 
Penrose or Jackson-Pratt drain may be inserted and the 
pocket loosely closed. If infection is not present, the pocket 
is closed in a standard fashion. Before extubation, a trans-
esophageal echocardiogram is repeated to assess cardiac and 
gross valvular function and evidence of pericardial effusion. 
All central lines are removed before transfer to the postop-
erative observation unit and subsequently to the step-down 
unit or intensive care unit with vigilance for possible sub- 
acute complications. We delay treatment with oral anticoag-
ulants or antiplatelet therapy for 24 h unless a high risk 
condition exists in which case a bridging strategy may be 
individualized.   

   Table 19.8    Management of common complications of lead extraction   

 Complication  Treatment 

 Pocket bleeding/hematoma  Careful attention to hemostasis 

 Diffuse oozing: consider packing of the pocket 

 Deep venous thrombosis following extraction  Oral anticoagulation for 3–6 months 

 A-V fi stula formation  Emergency vascular surgery intervention 

 Pneumothorax  Consider chest tube if moderate to large 

 Hemothorax  Emergency CT surgery intervention 

 Air embolization  Attempt to aspirate or “break up” with catheter if loculated 

 Hemodynamic support 

 Pulmonary embolism  Embolectomy 

 Venous tear  Emergency CT surgery intervention 

 Consider temporizing with large intravascular ballon 

 Cardiac perforation  Pericardiocentesis (often does not “seal” spontaneously) 

 Emergency CT surgery evaluation 

 Stroke (embolization via PFO/ASD; arterial implant)  Supportive measures 

 Determine intracardiac shunt, lead entry before extraction 

 Tricuspid valve rupture  Manage heart failure symptoms 

 Cardiac avulsion  Emergency CT surgery intervention 

 Respiratory complications (anesthesia, intubation)  Supportive care 

 Arrhythmia  Treat reversible causes 

 Consider retained lead fragment 
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    Conclusions 

 The clinical need for implantable cardiac lead manage-
ment is expected to increase as the number of implanted 
devices grows in a population with greater risk of infec-
tion and limited venous access. As experience with trans-
venous laser lead extraction continued to accumulate with 
increased procedural volume and operator experience, the 
safety and effi cacy of extractions have improved over the 
past 30 years. A greater adherence to the 2009 Heart 
Rhythm consensus statement which recommends a sys-
tematic, multidisciplinary approach to an extraction pro-
cedure with available personnel and facilities for emergent 
backup surgery, it is expected that outcomes will continue 
to improve as surgical variability declines. Yet, because 
major complications with the current technology will not 
be entirely eliminated, a detailed  assessment of individual 
risk-benefi t ratio and appropriate preparations to deal 
with complications emergently are paramount in order to 
maximize safety and optimize clinical outcomes.     
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      Transmyocardial Laser 
Revascularization: Physiology, 
Pathology, and Basic Research Concepts       

     Anthony     J.     Minisi      ,     Deepak     D.     Banerjee     , 
and     Laxmi     B.     Mohanty    

         Signifi cant improvements in the outcome of cardiac surgery 
and percutaneous coronary intervention (PCI) have led to 
enhanced survival among patients with severe coronary 
artery disease. However, it has also created a population of 
patients never before encountered in the fi eld of 
Cardiovascular Medicine. These patients, who often have 
had coronary bypass surgery and/or PCI multiple times, are 
characterized by far advanced, end-stage coronary artery dis-
ease and disabling anginal symptoms which are refractory to 
medical therapy with maximal doses of antianginal drugs 
such as nitrates, beta blockers, calcium channel blockers, 
and ranolazine. 

 The treatment of patients with end-stage coronary artery 
disease and refractory, disabling anginal symptoms repre-
sents a complicated and increasingly prevalent problem for 
clinicians. One recent report estimated that over 100,000 
patients each year may be diagnosed with this condition [ 1 ]. 
Due to the failure of saphenous vein coronary bypass grafts, 
the progression of atherosclerotic disease, and/or the devel-
opment of restenosis, severe symptoms have recurred and 
further traditional revascularization measures are not 
feasible. 

 It has become clear that new therapeutic modalities are 
required to treat this group of patients. One of these modali-
ties is transmyocardial laser revascularization (TMLR). 
TMLR is a procedure in which laser light is used to create 
channels through the left ventricular myocardium. This can 
be done surgically via a thoracotomy (open chest procedure), 
in which case transmural channels are made from the epicar-
dium to the endocardium. The procedure can also be done 
percutaneously, in which case non-transmural channels are 
created from the endocardial surface. This technique has 
been shown to improve symptomatic status in patients with 
end-stage coronary artery disease who cannot receive further 
traditional surgical or percutaneous revascularization. 

 To date, surgical TMLR has been studied in a large num-
ber of patients with end-stage coronary disease and severe 
angina [ 2 – 9 ]. The results of these studies have been fairly 
consistent and have shown that TMLR improves subjective 
anginal symptoms compared to continued medical therapy. 
These results suggest that TMLR may be a promising thera-
peutic modality for this group of patients. However, evidence 
of improvement in objective parameters such as myocardial 
perfusion has not been demonstrated consistently. Most trou-
bling, the mechanism whereby TMLR results in improved 
anginal symptoms is not completely understood. 

    Clinical Experience with TMLR 

 Surgical TMLR has been widely applied to the treatment of 
patients with end-stage coronary artery disease and refrac-
tory anginal symptoms. TMLR has been used both in con-
junction with coronary bypass surgery and as sole therapy in 
patients who are not candidates for further revascularization 
procedures. A multicenter registry of patients undergoing 
TMLR showed signifi cant improvement in anginal class at 
3, 6, and 12 months compared to baseline symptoms before 
treatment [ 2 ]. The number of annual admissions for angina 
was reduced in the year after TMLR compared to the year 
before treatment. There was also a decrease in the number of 
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nuclear perfusion defects observed in the treated regions of 
the left ventricle. 

 There have been six randomized trials comparing surgical 
TMLR to maximal medical therapy in over 1000 patients 
with end-stage coronary disease and refractory angina [ 3 – 5 , 
 7 – 9 ]. All of these studies showed signifi cantly improved 
anginal symptoms in the groups randomized to TMLR, 
whether this was expressed as mean angina class [ 8 ] or per-
centage of patients with a decrease of ≥2 anginal classes dur-
ing follow-up [ 3 – 5 ,  7 ,  9 ]. Patients treated with TMLR also 
had greater freedom from cardiac-related rehospitalization, 
increased exercise tolerance, decreased use of cardioactive 
medications, and higher quality of life scores. One of the 
studies showed improved perfusion by nuclear imaging in 
the TMLR group compared to the medical therapy group [ 5 ]. 
However, four other studies did not demonstrate any signifi -
cant differences in myocardial perfusion imaging [ 3 ,  4 ,  8 ,  9 ]. 

 Operative mortality ranged from 1 to 5 %. These favor-
able results refl ect the strict enrollment criteria for these 
studies as well as refi nement in the procedural techniques. 
Based on previous clinical observations of high operative 
mortality in patients with high risk features such as active, 
unstable angina and/or impaired left ventricular ejection 
fraction (<25–30 %), these patients were excluded from the 
randomized trials.  Of note, none of the randomized trials 
showed signifi cant differences in survival between the treat-
ment groups at 1 year.  In addition, the two largest random-
ized trials allowed crossover of patients during the follow-up 
period with 32 % and 59 % of patients crossing over from 
medical therapy to TMLR [ 4 ,  5 ]. Nevertheless, based on the 
results of these studies, the Food and Drug Administration 
has approved both a CO2 laser and a holmium:YAG laser for 
use in TMLR. An additional randomized trial showed 
improvement of angina symptoms following TMLR with an 
xenon chloride laser compared to maximal medical therapy 
but this study was limited by a very small number of partici-
pants [ 10 ]. 

 Two of the randomized trials have reported long-term 
results at 3–5 years. Both studies showed sustained angina 
relief in those randomized to TMLR compared to maximal 
medical therapy at a mean follow-up of 43 months [ 11 ] and 
5 years [ 12 ] (Table  20.1 ). In the cohort studied by Aaberge 
et al., there appeared to be attenuation of the symptomatic 

benefi t during long term follow up. Allen et al. actually 
reported a higher percentage of patients in both the TMLR 
and maximal medical therapy groups who had a decrease of 
≥2 anginal classes at 5 year follow up. These results most 
likely represent differences in study methodology. Aaberge 
et al. had no crossover between treatment groups during long 
term follow up while the cohort studied by Allen et al. were 
allowed to cross over from maximal medical therapy to 
TMLR and to have additional revascularization procedures 
during long term follow up. In addition, only 77 % of the 
original randomized cohort had data available for analysis in 
the study by Allen et al.

   These two randomized trials also reported long term sur-
vival data. Aaberge et al. found no signifi cant differences in 
survival between the randomized groups at a mean follow 
up of 43 months. Survival was 78 % in those randomized to 
TMLR and 76 % in those randomized to maximal medical 
therapy (p = NS). In contrast, using an intention to treat 
analysis, Allen et al. did fi nd a survival benefi t for those 
randomized to TMLR compared to maximal medical ther-
apy (65 % vs. 52 %; p = 0.05). When crossovers were ana-
lyzed as a separate group, survival remained higher in the 
TMLR group but this difference was no longer statistically 
signifi cant. 

 Long term follow up has also been reported for a registry 
study [ 13 ]. At a mean follow up period of 5 years, there were 
78 of the original cohort of 195 patients who remained alive 
and had not had any additional revascularization procedures. 
In this select group of 78 patients, TMLR appeared to have a 
durable effect in improving anginal symptoms. At baseline, 
all of the patients had CCS class III or IV angina. At 1 year, 
77 % of these patients had ≥2 angina class decrease in symp-
toms. At the 5 year follow up, a decrease of ≥2 anginal 
classes was observed in 68 % of these patients. 

 In contrast, other nonrandomized reports indicate that 
recurrent angina is more prevalent following TMLR [ 14 , 
 15 ]. In a cohort of 34 patients who underwent TMLR for 
refractory angina, anginal status at 3 years remained 
improved compared to baseline but had deteriorated slightly 
compared to 1 year follow up [ 14 ]. At 12 years, only 9 of the 
original 34 patients remained alive and the majority of survi-
vors had a return of their anginal symptoms. The 12 year 
actuarial freedom from major adverse cardiac events was 
only 13 ± 8 % [ 15 ].  

    Mechanisms of Action of TMLR 

 The mechanism by which TMLR results in improvement in 
anginal symptoms has been the subject of intense research 
efforts. Despite the abundant evidence of subjective improve-
ment outlined above, the mechanism for this benefi cial effect 
is not clear. There remains controversy as to how and why 

   Table 20.1    Percentage of patients with decrease of ≥2 angina classes 
at 12 months and 3–5 years   

 Author 
 % improved at 12 
months 

 % improved at 3–5 
years 

 TMLR  MMT  TMLR  MMT 

 Allen et al. [ 12 ]  76  32  88  44 

 Aaberge et al. [ 11 ]  39  0  24  3 

   TMLR  transmyocardial laser revascularization,  MMT  maximal medical 
therapy  
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this technique seems to work. Several theories have been 
proposed and studied:

    1.    Direct myocardial perfusion via patent lased channels.     

 The initial rationale for TMLR was based on the concept of 
the reptilian heart. There are no coronary arteries in the 
hearts of reptiles. Rather, oxygenated blood perfuses the 
myocardium through a system of sinusoids that communi-
cate directly with the left ventricular cavity. Early pathologic 
studies suggested that the human heart might also contain a 
system of sinusoids [ 16 ]. Thus, direct myocardial perfusion 
was initially felt to be the mechanism of action for 
TMLR. The creation of intramyocardial channels by the 
laser would allow oxygenated blood from the left ventricular 
cavity to enter the sinusoidal system and perfuse the heart. 
Although this concept of direct myocardial perfusion was 
initially appealing, subsequent observations have raised seri-
ous doubt about this potential mechanism. Recent studies 
have disputed the existence of a network of sinusoids in the 
human heart [ 17 ]. In addition, several experimental and clin-
ical studies have demonstrated that the long-term patency 
rate of these lased, intramyocardial channels is very low 
[ 18 – 21 ].

    2.    Angiogenesis.    

  Several experimental studies have shown anatomical and 
molecular evidence of neovascularization in the region of the 
lased channels [ 22 – 28 ]. Microscopic analysis of lased myo-
cardium reveals an infl ammatory process evident within 
weeks. This infl ammation promotes angiogenesis and 
increased expression of various angiogenic growth factors 
such as vascular endothelial growth factor, matrix metallo-
proteinases, and platelet-derived endothelial growth factor 
[ 22 ,  27 ,  28 ]. Neovascularization is present throughout the 
lased myocardium but it predominates along the periphery 
between the TMLR channel remnants and the surrounding 
muscle [ 25 ], with extension into the adjacent muscle [ 24 ]. 
These neovessels have a highly disorganized pattern sugges-
tive of angiogenesis. Immunohistochemical staining has con-
fi rmed the presence of endothelial cells within these 
neovessels [ 24 ,  25 ]. TMLR also appears to signifi cantly 
enhance the normal compensatory development of collateral 
channels in the lased myocardium. These vascular structures 
have been shown to augment perfusion to the laser treated 
area of the left ventricular myocardium during pharmacologic 
stress induced by vasodilators [ 27 ]. This latter observation is 
particularly pertinent because it suggests that enhanced perfu-
sion through these microchannels could improve regional 
myocardial blood fl ow and ameliorate symptoms of angina. 

 Finally, autopsy and case reports in patients have also 
documented histologic evidence of angiogenesis in the 

regions surrounding lased channels [ 20 ,  21 ,  29 ]. This was 
described as “a developing network of capillaries” in the 
early study of Krabatsch et al. [ 20 ]. Of note, the case report 
of a patient whose heart was harvested at the time of trans-
plant 9 months after TMLR showed evidence of red blood 
cells within the lumen of the neovessels [ 29 ].

    3.    Placebo effect.    

  Some have contended that the long term improvement in 
anginal symptoms noted after TMLR mitigates against a pla-
cebo effect. However, given the dire circumstances of the 
typical patient who would be a candidate for TMLR, a sig-
nifi cant placebo effect associated with any operative proce-
dure cannot be overlooked. In this regard, there has never 
been a blinded, placebo-controlled study of surgical 
TMLR. Percutaneous TMLR does afford the opportunity to 
perform blinded, placebo-controlled trials and one such 
study failed to demonstrate signifi cant differences in anginal 
status or exercise times between patients receiving active 
treatment and those with sham treatment [ 30 ]. It is unclear 
whether these observations can be extrapolated to surgical 
TMLR since there are major differences between surgical 
and percutaneous TMLR.

    4.    Cardiac deafferentation (denervation).    

  In considering that the benefi cial effect of TMLR may be 
related to cardiac deafferentation, one must consider the neu-
ral basis for the perception of anginal pain. The left ventricle 
is a sensory organ that is innervated by receptors with both 
sympathetic and vagal afferent fi bers. The sensation of angi-
nal pain is most likely multifactorial in origin. However, a 
neural component for the perception of anginal pain is 
strongly suggested by the observation that cardiac transplant 
patients in whom neural structures to the ventricles are sev-
ered often do not experience anginal symptoms despite the 
presence of advanced transplant atherosclerosis [ 31 ]. Further 
observations from experimental studies suggest that left ven-
tricular receptors with sympathetic afferent fi bers are the car-
diac nociceptors [ 32 ,  33 ]. Unlike the vagal afferents that are 
preferentially distributed to the inferoposterior wall, the 
sympathetic afferents are uniformly distributed throughout 
the left ventricle [ 34 ]. These receptors are polymodal in 
nature and can be activated by both mechanical and chemical 
stimuli [ 35 – 37 ]. Activation of these receptors results in refl ex 
excitatory responses such as hypertension, tachycardia, and 
vasoconstriction [ 38 – 40 ]. These refl ex excitatory responses 
are mediated by both increases in efferent sympathetic out-
fl ow and decreases in efferent parasympathetic outfl ow from 
the central nervous system. 

 The perception of anginal pain is felt to be mediated by 
activation of left ventricular sympathetic afferents by 
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myocardial ischemia. During coronary occlusion, left ven-
tricular receptors with sympathetic afferent fi bers can be 
activated mechanically by increases in cardiac pressures and 
chemically by release of noxious substances from the isch-
emic myocardium [ 33 ,  36 ,  37 ,  41 ]. This activation has been 
demonstrated by direct recordings from sympathetic afferent 
nerve fi bers [ 42 ,  43 ]. However, afferent input from sympa-
thetic afferent fi bers may be heavily modulated by inhibitory 
supraspinal mechanisms [ 44 ,  45 ]. Therefore, measurement 
of an efferent response such as sympathetic outfl ow is neces-
sary to confi rm that these afferent impulses have been suc-
cessfully transmitted to the higher centers of the central 
nervous system. This transmission of afferent input to the 
higher neural centers is a requirement for nociception. 

 Pathologic studies have shown that the application of 
laser energy to the myocardium results in destruction of all 
cardiac structures within the lased channel [ 46 ]. Thus, it is 
reasonable to speculate that TMLR improves anginal symp-
toms by deafferentation of the left ventricle. Interruption of 
cardiac sympathetic afferents following TMLR may elimi-
nate afferent input during myocardial ischemia and prevent 
nociception. 

 Several studies in humans and experimental animals have 
provided anatomical evidence that TMLR damages cardiac 
neural structures. Kwong and colleagues studied dogs 2 
weeks following TMLR and demonstrated reduced concen-
tration of tyrosine hydroxylase in the treated myocardium 
[ 47 ]. This enzyme is involved in the synthesis of norepineph-
rine from tyrosine and is felt to be a specifi c marker for effer-
ent sympathetic nerve terminals [ 48 ]. Similar fi ndings were 
reported by Hughes et al. [ 49 ]. They studied pigs 3 days after 
TMLR and found that tyrosine hydroxylase concentrations 
were reduced in the lased segments of the heart compared to 
nonlased regions of the treated hearts as well as untreated, 
control hearts. This group also studied animals 6 months 
after TMLR in a model of chronic myocardial ischemia. At 6 
months, there were no differences in tyrosine hydroxylase 
concentrations between laser treated areas and control hearts. 
On the basis of these observations, the investigators postu-
lated that reinnervation had occurred and suggested that the 
long term benefi t of TMLR should be attributed to mecha-
nisms other than denervation. 

 Al-Sheikh and colleagues observed similar fi ndings in 
humans [ 50 ]. They demonstrated cardiac sympathetic neuro-
nal injury as manifested by decreased myocardial uptake of 
[11C] hydroxyephedrine in patients who had previously 
undergone TMLR. This tracer is a catecholamine analog that 
refl ects norepinephrine uptake-1 and vesicular storage mech-
anisms of viable sympathetic nerve terminals [ 51 ]. Beek and 
colleagues also examined the effects of TMLR on cardiac 
innervation using pre- and post-operative imaging with 
iodine 123-labeled meta-iodobenzylguanide ( 123 I-MIBG) 
scintigraphy [ 52 ].  123 I-MIBG is also a catecholamine analog 

whose uptake in the heart is felt to be a measure of sympa-
thetic innervation. In their patient cohort, 45 % of treated 
segments exhibited decreased uptake of  123 I-MIBG after 
TMLR. These results were confi rmed in a study from Muxi 
et al. [ 53 ]. They performed  123 I-MIBG imaging before and 3 
and 12 months after TMLR. At 3 months, 58 % of TMLR 
treated segments showed evidence of neuronal damage as 
refl ected by decreased uptake of  123 I-MIBG. On 12 month 
imaging, 60 % of these segments showed improved radio-
tracer uptake, suggesting reinnervation. Of interest, there 
was scintigraphic evidence of reinnervation in four of the 
fi ve patients whose anginal status worsened between the 3rd 
and 12th months. 

 These studies show clear anatomical evidence of cardiac 
neural damage following TMLR in both humans and experi-
mental animals. However, the markers used are not specifi c 
for cardiac afferent nerves and these anatomical observa-
tions provide no functional information about the ability of 
left ventricular receptors to transmit sympathetic afferent 
traffi c to the brain and spinal cord. 

 Kwong et al. did assess the effects of TMLR on the func-
tional integrity of cardiac refl exes [ 47 ]. They measured 
refl ex changes in arterial pressure that occurred in response 
to epicardial application of bradykinin before and 2 weeks 
after TMLR in anesthetized dogs. Prior to TMLR, epicardial 
bradykinin elicited decreases in arterial pressure. Following 
TMLR, changes in arterial pressure in response to epicardial 
bradykinin were abolished. Based on these fi ndings, Kwong 
and colleagues concluded that TMLR resulted in both ana-
tomical and functional “denervation” of the left ventricle. 

 Hirsch and colleagues also assessed the effects of TMLR 
on the function of cardiac nerves in anesthetized dogs [ 54 ]. 
Both cardiac afferent and efferent nerves were studied. Left 
ventricular receptors were stimulated chemically by epicar-
dial bradykinin and veratridine. Responses were measured 
by direct recordings from intrinsic cardiac afferent neurons. 
In addition, left ventricular efferent nerves were electrically 
and chemically activated and changes in heart rate, arterial 
pressure, and cardiac contractility were measured. 
Observations were made immediately before and after 
TMLR. In this study, TMLR had no apparent effect on the 
function of cardiac afferent or efferent nerves. In particular, 
the increased afferent neuronal activity that was elicited by 
epicardial bradykinin and veratridine was not signifi cantly 
diminished by TMLR. In a separate study from this group, 
experiments performed 4 weeks following TMLR revealed 
similar fi ndings [ 55 ]. 

 Thus, although there is abundant anatomical evidence 
that TMLR damages cardiac neural structures, studies to 
assess the effects of TMLR on the function of cardiac nerves 
have yielded confl icting results. 

 Although the seminal experiments performed by Kwong 
et al. suggested that TMLR resulted in functional cardiac 
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deafferentation, we had several concerns about the method-
ology employed in these studies [ 47 ]. For instance, Kwong 
and colleagues used changes in arterial pressure to quantitate 
the response to epicardial bradykinin. This is a rather insen-
sitive parameter for the study of autonomic refl exes. In addi-
tion, they studied animals with all refl exes intact. This 
represents a potential shortcoming for several reasons. 
Responses mediated by left ventricular sympathetic afferents 
are heavily infl uenced by other neurocirculatory refl exes 
such as the sinoaortic barorefl ex and the vagal cardiopulmo-
nary refl ex [ 44 ]. The confounding infl uence of these other 
refl exes is especially problematic when bradykinin is used to 
activate cardiac receptors and elicit a response. Bradykinin is 
not a selective agonist for left ventricular sympathetic affer-
ents. It also activates cardiac vagal afferents and can engage 
the vagal cardiopulmonary refl ex [ 56 ]. Bradykinin also is a 
powerful vasodilator and its administration can lead to direct 
changes in arterial pressure that can engage the sinoaortic 
barorefl ex. 

 Thus, when all refl exes are intact, responses to epicardial 
application of bradykinin may not be specifi c for left ven-
tricular sympathetic afferents. In this experimental model, 
interpretation of these responses can be diffi cult and may be 
unreliable, particularly when the parameter used to measure 
these responses is changes in arterial pressure. 

 These methodologic concerns led us to reassess the effects 
of TMLR on refl exes mediated by left ventricular receptors 
with sympathetic afferent fi bers in response to bradykinin 
administration [ 57 ]. We performed experiments in anesthe-
tized dogs with sinoaortic denervation and vagotomy. This 
experimental preparation was used to facilitate the investiga-
tion of refl ex responses mediated by left ventricular sympa-
thetic afferents. Sinoaortic denervation prevented changes in 
arterial pressure associated with bradykinin administration 
from affecting the refl ex response mediated by cardiac sym-
pathetic afferents. Vagotomy prevented the activation of car-
diac vagal afferents by bradykinin from contributing to these 
refl ex responses. Thus, elimination of the effects of the sino-
aortic barorefl ex and the vagal cardiopulmonary refl ex 
ensured that refl ex changes elicited by bradykinin were 
mediated solely by left ventricular receptors with sympa-
thetic afferent fi bers. 

 In addition, we measured the refl ex effects of bradykinin 
administration by direct recording of sympathetic outfl ow 
from efferent renal sympathetic nerve activity. This tech-
nique provides a more quantitative and rigorous assessment 
of the refl ex changes in sympathetic outfl ow from the central 
nervous system, particularly in response to activation of car-
diac receptors. 

 Thirteen mechanically ventilated dogs anesthetized with 
barbiturate and alpha chloralose were studied. We measured 
refl ex changes in efferent renal sympathetic nerve activity 
(RSNA) in response to epicardial and intracoronary 

bradykinin administration before and approximately 45 min 
after TMLR. Epicardial bradykinin was applied to the ante-
rior wall of the left ventricle. Intracoronary bradykinin was 
administered through a cannula placed into a diagonal coro-
nary artery. TMLR was performed according to the protocol 
that has been utilized in humans [ 4 ]. A 1 mm hand-held, 
pulsed holmium:YAG laser fi ber was used to create trans-
myocardial channels. A mean of 44.5 ± 1.0 channels were 
made mainly in the anterior, anterolateral, and apical regions. 

 Renal nerve responses to epicardial bradykinin are shown 
in Fig.  20.1 . As expected, epicardial bradykinin activated left 
ventricular sympathetic afferents and elicited refl ex increases 
in RSNA prior to TMLR. Following TMLR, there were no 
signifi cant differences in the refl ex responses to epicardial 
bradykinin.

   Renal nerve responses to intracoronary bradykinin are 
shown in Fig.  20.2 . Intracoronary bradykinin also elicited 
refl ex increases in RSNA before TMLR. There were no sig-
nifi cant differences in refl ex renal nerve responses to intra-
coronary bradykinin after TMLR.

   In three experiments, refl ex changes in renal nerve activ-
ity to graded doses of intracoronary bradykinin were assessed 
before and 45 min after TMLR. The results from these 
experiments are shown in Fig.  20.3 . Prior to TMLR, an 
incremental relationship between increasing doses of intra-
coronary bradykinin and refl ex increases in RSNA was 
observed. TMLR had no signifi cant effect on the increase in 
RSNA in response to any dose of intracoronary bradykinin.

   Pathologic analysis of two explanted hearts revealed three 
major fi ndings (Fig.  20.4 ). In areas remote from the lased 
channels, intact neural structures were observed. In areas 
showing evidence of laser-induced myocardial damage, 
there was also evidence of neural damage with edema and 
vacuolization. However, undamaged nerve fi bers were also 
present within the infl ammatory zone created by laser- 
induced myocardial trauma. We speculate that this latter 
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fi nding is related to non-uniform propagation of acoustic 
shock waves generated by laser energy and/or variable sus-
ceptibility of cardiac tissue to the effects of laser energy [ 58 ].

   Although we expected to replicate the fi ndings of Kwong 
and colleagues utilizing a refi ned experimental model, we 
found that refl exes mediated by left ventricular sympathetic 
afferents in response to chemical activation were unaffected 
by acute TMLR. Our results indicate that the receptors that 
represent the afferent pathway for the perception of anginal 
pain remain functional immediately following TMLR. We 
speculate that the discrepancy between the anatomical and 
functional data is related to the fact that the pattern of affer-
ent innervation of the left ventricle represents a neural net-
work. As a result, the damage to these neural structures from 
TMLR is not suffi cient to cause functional deafferentation. 
Since cardiac deafferentation would attenuate or abolish 
responses mediated by left ventricular receptors with sympa-
thetic afferent fi bers, our results do not support the neural 
hypothesis for the relief of angina by TMLR. 

 Although our experimental results are not consistent with 
the observations of Kwong and colleagues, they studied 
responses to bradykinin 2 weeks after TMLR. We assessed 
the effects of TMLR on refl exes mediated by left ventricular 
sympathetic afferents in the acute experimental model. It is 
possible that the effects of TMLR on cardiac neural struc-
tures may be progressive over time and that deafferentation 
can only be demonstrated in a chronic model. Hence, we per-
formed a second set of experiments to evaluate the effects of 
chronic TMLR on refl exes mediated by left ventricular 
receptors with sympathetic afferent fi bers [ 59 ]. 

 Two groups of 17 dogs underwent thoracotomy with 
either TMLR of the anterior, anterolateral, and apical regions 
or a sham procedure. After a recovery period of at least 4 
weeks, animals were re-anesthetized and an acute protocol 
was performed in which responses to intracoronary and epi-
cardial bradykinin were measured. In addition, we also mea-
sured responses to transmural myocardial ischemia of the 
anterior wall in this set of experiments. As in our previous 
experiments, sinoaortic denervation and vagotomy were per-
formed to ensure that refl ex changes elicited by bradykinin 
and myocardial ischemia were mediated solely by left ven-
tricular receptors with sympathetic afferent fi bers. Direct 
recordings of RSNA were again used to quantitate refl ex 
responses. 

 The refl ex responses to injection of graded doses of intra-
coronary bradykinin into the anterior descending (LAD) and 
left circumfl ex (LCx) coronary arteries are shown in 
Fig.  20.5a, b . As expected, there were escalating responses to 
incremental doses of bradykinin in both groups. For both the 
TMLR and Sham groups, injection into the LAD elicited 
similar responses as injection into the LCx for each dose of 
bradykinin. For the Sham group, this fi nding supports previ-
ous observations that cardiac receptors with sympathetic 
afferent fi bers are uniformly distributed throughout the left 
ventricle [ 34 ]. For the TMLR group, this fi nding indicates 
that efferent responses to chemical stimulation of left ven-
tricular nociceptors are not signifi cantly different in the laser 
treated anterior wall compared to the untreated posterior 
region.

   The refl ex responses to anterior myocardial ischemia are 
shown in Fig.  20.6 . Cardiac receptors with sympathetic 
afferent fi bers are located mainly in the superfi cial epicar-
dial layers of the left ventricle [ 34 ,  60 ,  61 ]. As a result, 
transmural myocardial ischemia is required to activate these 
receptors and elicit refl ex excitatory responses. In dogs, 
extensive coronary collateral circulation limits the extent of 
transmural ischemia during simple coronary occlusion. In 
these experiments, we measured renal nerve responses to 
complete occlusion of the LAD while a collateral fl ow-
limiting stenosis was in place on the LCx. Previous experi-
ments from our laboratory validated that this technique 
results in greater transmural ischemia than simple coronary 
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occlusion alone and elicits signifi cantly greater refl ex 
increases in RSNA [ 61 ].

   Transmural anterior myocardial ischemia elicited refl ex 
increases in RSNA in both groups of animals. There were no 
signifi cant differences in the refl ex responses to ischemia 
between the laser-treated animals and the sham-treated 
 control group. These results indicate that refl ex responses to 
activation of cardiac receptors with sympathetic afferent 

fi bers by transmural anterior ischemia are not signifi cantly 
attenuated by TMLR. 

 The results of our two series of experiments indicate that the 
neural pathways responsible for the perception of anginal pain 
remain fully functional both immediately and 4 weeks follow-
ing TMLR. Although it is clear that any neural structures in the 
path of the laser beam will be damaged during TMLR, the 
results of our chronic studies indicate that this neural damage is 

a

b

c

  Fig. 20.4    Representative photomicrographs of pathologic specimens 
obtained from lased hearts. Panel ( a ) shows both hematoxylin and eosin 
( left ) and Bielschowsky ( right ) stains of a neurovascular bundle con-
taining intact neural structures ( arrows ) remote from a lased channel 
(original magnifi cation, 50×). Panel ( b ) shows hematoxylin and eosin 

( left ) and Bielschowsky ( right ) stains of a damaged nerve ( arrow ) 
within a region of laser-induced myocardial damage (original magnifi -
cation, 50×). Panel ( c ) shows hematoxylin and eosin stain of an undam-
aged nerve within the zone of laser-induced myocardial infl ammation 
(original magnifi cation, 100×)       
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not progressive over time. Based on these results, we conclude 
that the extent of neural damage during TMLR is not suffi cient 
to attenuate refl ex responses mediated by left ventricular recep-
tors with sympathetic afferent fi bers. These results refute the 
hypothesis that TMLR results in functional denervation/deaf-
ferentation of the treated segments of the left ventricle. 

 Failure to demonstrate that TMLR causes denervation/
deafferentation could be paradoxically fortuitous. 
Deafferentation as the mechanism for relief of angina by 
TMLR would imply that the procedure merely disables the 
anginal warning system without treating ongoing ischemia. 
Deafferentation following TMLR could also result in cate-
cholamine supersensitivity which could be potentially 
arrhythmogenic. Both of these effects could be associated 
with negative prognostic implications after TMLR and could 
explain why TMLR has not been shown to improve 
survival.  

    TMLR as Adjunctive Therapy 

 In addition to the clinical experiences with TMLR as stand- 
alone therapy described above, the use of TMLR in conjunc-
tion with both traditional coronary artery bypass grafting 
(CABG) and cell therapy has been described. When used as 
an adjunct to CABG, TMLR has the potential to provide 
more complete revascularization. TMLR provides an option 
for treatment of regions of the left ventricle that are supplied 
by coronary arteries which are unsuitable for bypass graft-
ing. Incomplete revascularization is not uncommon during 
CABG and it has been shown to be an independent predictor 
of operative mortality and other adverse outcomes following 
surgery [ 62 – 65 ]. In one cohort of patients, 5-year cardiac 
survival was signifi cantly diminished in patients with incom-
plete revascularization compared to patients in whom surgi-
cal revascularization was considered complete (75 % vs. 
93 %; p < 0.001) [ 65 ]. 

 There have been three prospective, randomized trails 
comparing TMLR + CABG to CABG alone in patients who 
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could not be completely revascularized by bypass surgery 
only [ 66 – 68 ]. The largest of these trials was performed by 
Allen and colleagues who randomized 263 patients with one 
of more ischemic areas not amenable to bypass grafting to 
either TMLR + CABG (n = 132) or CABG alone (n = 131) 
[ 66 ]. The group randomized to TMLR + CABG had signifi -
cantly reduced operative (30 day) mortality compared to the 
group randomized to CABG alone (1.5 % vs. 7.6 %; p = 0.02). 
At 1 year, Kaplan Meier survival estimates continued to 
favor the group randomized to TMLR + CABG (95 % vs. 
89 %; P = 0.05). Freedom from death and myocardial infarc-
tion was signifi cantly higher in the TMLR + CABG group at 
30 days (97 % vs. 91 %; p = 0.04). However, at 1 year, these 
differences were no longer statistically signifi cant. Compared 
to baseline, both groups had signifi cant and similar improve-
ments in angina and exercise treadmill time at 3, 6, and 12 
months following surgery. 

 Long term follow-up is available for 83 % (218/263) of 
the original cohort of randomized patients [ 69 ]. In this subset 
of patients, there were no signifi cant differences in Kaplan 
Meier survival at 6 years. Compared to the CABG alone 
patients, the group randomized to TMLR + CABG had sig-
nifi cantly improved control of angina as refl ected by fewer 
patients with class III/IV anginal symptoms (0 % vs. 10 %; 
p = 0.009) and more patients who were angina free (78 % vs. 
63 %; p = 0.08). These differences were especially pro-
nounced in the randomized patients with diabetes. In this 
subset, 93 % of patients assigned to TMLR + CABG were 
free of angina at 5 years compared to 63 % of patients treated 
with CABG alone (p = 0.02). 

 The other two randomized trials were hampered by very 
small sample sizes and limited statistical power. A meta anal-
ysis of all three trials of TMLR + CABG compared to CABG 
alone has been published [ 70 ]. 

 There has been limited clinical experience with the use of 
TMLR in conjunction with cell therapy for the treatment of 
patients with end-stage coronary artery disease and ischemic 
cardiomyopathy. Cell therapy has the potential to facilitate 
regeneration of cardiac tissue and induce angiogenesis. Patel 
et al. examined animals with experimental myocardial 
infarction that were treated by injection of mesenchymal 
stem cells into the infarcted tissue [ 71 ]. They observed that 
TMLR performed prior to cell therapy improved early cell 
survival compared to cell therapy without TMLR. These 
results suggest a potential synergistic relationship between 
TMLR and cell therapy. 

 There have been several small case series describing the 
use of TMLR as an adjunct to cell therapy with autologous 
bone marrow derived stem cells in patients with end-stage 
coronary artery disease and refractory angina [ 72 – 75 ]. All of 
these studies have shown an improvement in symptomatic 
status and quality of life following the procedure. Some 
patients had improvement in myocardial perfusion and left 

ventricular ejection fraction/regional wall motion, but this 
was not a consistent fi nding. Thirty three of the 35 patients 
described in these reports survived the procedure and no 
safety concerns emerged during the follow-up period. In 
general, the results appear to be very similar to those reported 
for TMLR as sole therapy. There have been no studies that 
have compared TMLR plus cell therapy to TMLR alone. 

 Other than for the impact of laser energy on stem cell 
retention described above, the mechanism for any synergy 
between TMLR and cell therapy remains a matter of specu-
lation. The infl ammatory response to the creation of a laser 
channel has a variety of effects that could facilitate myocar-
dial regeneration and enhanced perfusion that is associated 
with cell therapy [ 76 – 78 ].  We have made a unique observa-
tion in our laboratory which may have relevance to the 
potential synergy between TMLR and cell therapy . 

 The application of infrared laser energy to the left ven-
tricular myocardium creates a transmural channel by the 
generation of heat with tissue vaporization. Local tempera-
tures in the regions of laser application reach 60–70 °C [ 46 , 
 79 ]. During TMLR, the creation of multiple channels in the 
myocardium with a laser generates local thermal stress. The 
thermal injury associated with TMLR could be a potent stim-
ulus for the expression and synthesis of heat shock proteins. 
Heat shock proteins are a family of proteins that are cytopro-
tective [ 80 ]. A number of heat shock proteins of varying 
molecular size have been described. The heat shock protein 
with a molecular size of 70 kDa (Hsp70) has been exten-
sively evaluated in the heart. Both thermal and ischemic 
stress result in increased production of Hsp70 in cardiac 
myocytes [ 81 – 84 ]. 

 Preliminary data from our laboratory support this conten-
tion. We have observed that Hsp70 levels are increased 1 
month following TMLR. The results of Western blots are 
shown in Fig.  20.7 . The heart treated with TMLR (right blot) 
is compared to a heart from an animal with sham treatment 
(left blot). Qualitatively, Hsp70 levels are clearly increased 
in the tissue harvested from the TMLR treated heart.

   Hsp70 levels were also measured in the hearts of four 
additional Holmium:YAG TMLR-treated dogs. In these ani-
mals, Western blots were performed on tissue from the 
treated anterior wall and from the untreated posterior wall. 

Control Laser

  Fig. 20.7    Results of Western blot analysis of Hsp70 expression in a 
TMLR-treated heart ( Laser ) compared to a sham treated heart ( Control ). 
Protein sample sizes in each lane were 100 μg       
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The results of this analysis are shown in Fig.  20.8 . Four 
weeks following TMLR, Hsp70 levels were signifi cantly 
higher in the treated anterior region compared to the untreated 
posterior region. These hearts did not express increased lev-
els of Hsp32, another heat shock protein with a cardioprotec-
tive effect.

   To our knowledge, this is the fi rst demonstration that car-
diac Hsp70 expression is increased 4 weeks following 
TMLR. In fact, we are not aware of any cardiac stimulus that 
has resulted in increased expression of Hsp70 for such an 
extended period of time. We postulate that the prolonged 
expression of Hsp70 is related to the intense thermal stimu-
lus associated with the application of laser energy directly to 
the myocardium. No previous experimental studies of Hsp70 
have utilized this unique thermal stimulus. 

 This observation is relevant to TMLR as an adjunct to cell 
therapy because experimental studies have shown that over-
expression of heat shock proteins can improve stem cell 
viability and protect against hypoxic and ischemic stress 
[ 85 – 87 ]. These fi ndings have been documented in both 
in vitro and in vivo experimental models.  By increasing the 
expression of heat shock proteins, TMLR may create an 
environment that is conducive to the survival and function of 
transplanted stem cells.   

    Preconditioning as a Mechanism for TMLR 

 The fi nding of a sustained increase in the expression of 
Hsp70 following TMLR has signifi cance beyond potentially 
improving the effi cacy of stem cell therapy. Preconditioning 
is a phenomenon whereby the left ventricular myocardium 
is rendered resistant to the consequences of decreased coro-
nary blood fl ow. In the experimental setting, ischemic 

preconditioning has been studied extensively. Ischemic pre-
conditioning is usually induced by repetitive short cycles of 
coronary occlusion followed by reperfusion. These cycles 
have been shown to provide protection against the deleteri-
ous effects of prolonged myocardial ischemia. This protec-
tion is apparent when ischemia occurs within a few hours 
(acute or early preconditioning) and when it occurs 24–48 h 
later (delayed or late preconditioning) [ 81 ,  88 – 90 ]. 

 In addition to ischemic stress, preconditioning can be 
induced by exercise, rapid ventricular pacing, systemic 
hypoxia, various pharmacologic agents and by thermal 
stress. Preconditioning associated with thermal stress 
results in increased intracellular synthesis of heat shock 
proteins [ 81 ]. Since heat shock proteins are cytoprotective, 
they have been implicated as a potential mediator of the 
benefi cial anti- ischemic effects of preconditioning. The 
appearance and the amount of Hsp70 synthesis correlate 
with the extent of myocardial protection after ischemia/
reperfusion injury [ 81 ,  91 – 93 ]. Cultured cardiac myocytes 
in which the expression of Hsp70 is augmented by gene 
transfer techniques demonstrate tolerance to simulated 
ischemic conditions [ 94 ,  95 ]. Similar fi ndings have been 
observed in the intact heart injected with an adenoviral 
vector encoding the Hsp70 gene [ 96 ]. Finally, the hearts of 
transgenic mice overexpressing the Hsp70 gene are pro-
tected from the deleterious effects of ischemia/reperfusion 
injury [ 97 – 100 ]. 

 Thus, there is considerable experimental evidence that 
Hsp70 has an integral role in the myocardial protection 
observed following whole body thermal stress. Considering 
the intense thermal stimulus associated with TMLR, it is 
plausible that the symptomatic benefi t associated with this 
procedure could be due to preconditioning initiated by 
increased expression and synthesis of Hsp70. Improved 
anginal status after TMLR could be related to this inducible 
resistance to myocardial ischemia. To our knowledge, this 
possibility has not been investigated previously.  

    Conclusions 

 Although some are skeptical about the safety and effi cacy 
of TMLR as a therapeutic intervention, it cannot be denied 
that there is an expanding pool of patients with end-stage 
coronary disease who are not candidates for traditional 
revascularization procedures and who continue to be 
severely symptomatic despite maximal medical therapy. 
Novel treatment modalities such as TMLR are required 
for these patients. Based on an extensive database accu-
mulated from clinical registries and randomized clinical 
trials, there was considerable enthusiasm for TMLR as a 
therapeutic modality and it was added to the practice 
guidelines of the American College of Cardiology/
American Heart Association (ACC/AHA), the Society of 
Thoracic Surgeons (STS), and the International Society 
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  Fig. 20.8    Mean (± SEM) densitometric quantifi cation values for 
Hsp70 expression in myocardial tissue from the treated anterior wall 
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of Minimally Invasive Cardiothoracic Surgeons (ISMICS) 
as early as 2002. 

 These guidelines are evidence based recommendations 
that are designed to evaluate various medical interven-
tions and to assist health care providers in appropriately 
utilizing these interventions. A class I recommendation is 
given when available evidence indicates that the benefi ts 
of an intervention far outweigh the risks. As a result, the 
procedure or treatment  should be performed or adminis-
tered . A class II recommendation indicates that the bene-
fi t exceeds or equals the risk and that it is  reasonable to 
perform or administer  the procedure or treatment (class 
IIa) or that the procedure or treatment  may be considered  
(class IIb). Finally, a class III recommendation indicates 
that the procedure or treatment is of no benefi t or may 
cause harm. Any intervention with a class III recommen-
dation  should not be performed . 

 In addition to the recommendations, the guidelines 
also rate the quality of evidence that is used to make these 
determinations. The highest quality level of evidence is 
Grade A. This designation is utilized when the data is 
derived from multiple randomized clinical trials or meta-
analyses that have evaluated multiple patient populations. 
Grade B level of evidence indicates that the intervention 
has been evaluated in limited patient populations and that 
the data is derived from a single randomized trial or non-
randomized studies. Level of evidence C refers to situa-
tions in which very limited patient populations have been 
evaluated and the recommendation is based on expert 
opinion regarding the appropriate standard of care or case 
studies. 

 The ACC/AHA guidelines from 2002 gave a class IIa 
recommendation with a grade A level of evidence for 
TMLR when used as alternative treatment in stable 
patients with angina refractory to medical therapy who 
were not candidates for conventional revascularization 
procedures [ 101 ]. Stronger endorsements were provided 
by the STS and ISMICS who gave TMLR a class I rec-
ommendation with grade A level of evidence as sole 
therapy in these “no option” patients [ 102 ,  103 ]. When 
used as an adjunct to CABG, TMLR was given a class I 
recommendation by ISMICS and a class IIa recommen-
dation by the STS. In both cases, the level of evidence 
was grade B. 

 The ACC/AHA guidelines for management of patients 
with stable ischemic heart disease were most recently 
updated in 2012. In this version, TMLR as an alternative 
therapy for the relief of symptoms in patients with refrac-
tory angina was given a class IIb recommendation with 
level of evidence B. This applies to TMLR both as sole 
therapy and as an adjunct to CABG [ 104 ]. 

 A report from the STS tracked the utilization of 
TMLR following approval by the FDA [ 105 ]. In their 

database, the number of sites performing TMLR 
increased from 33 in 1998 to 131 in 2001. The latter fi g-
ure represents 36 % of sites that submitted data to the 
STS. The number of TMLR procedures rose from 59 in 
the fi rst half of 1998 to 572 in the second half of 2001. 
From 1998 to 2001, a total of 3,717 TMLR procedures 
were performed. Of note, only 661 (17 %) of these pro-
cedures were TMLR as sole therapy. The remainder 
were performed for “off-label” indications and included 
TMLR with CABG (67 %) and TMLR with another car-
diac procedure (16 %). 

 There has been a gradual decline in the utilization of 
this procedure. There are several potential reasons for this 
waning enthusiasm. TMLR is a highly invasive procedure 
with associated morbidity and mortality. The complica-
tion rate is higher in patients with unstable anginal syn-
dromes and/or left ventricular dysfunction. Unfortunately, 
the prevalence of episodic acute coronary syndromes and 
left ventricular dysfunction in the typical “no option” 
patient with refractory angina is high. This reduces the 
number of patients who may be considered good candi-
dates for this procedure. 

 TMLR has not been shown to improve survival. Of 
greater concern, the mechanism for improvement in angi-
nal symptoms remains undetermined. Arguments have 
been made against a placebo effect but this possibility has 
not been excluded because a placebo controlled trial of 
TMLR is not feasible. Placebo controlled trials can be 
performed with percutaneous myocardial revasculariza-
tion and these studies have failed to demonstrate differ-
ences in anginal status between patients randomized to 
active therapy and those who received sham treatment 
[ 30 ]. This fi nding has dampened enthusiasm for TMLR as 
a treatment modality. However, there are major differ-
ences between TMLR and percutaneous myocardial 
revascularization and these differences should invalidate 
any comparisons or correlations between the two 
procedures. 

 In conclusion, TMLR is a surgical treatment that has 
been shown to improve anginal status, prevent cardiac-
related hospitalizations, increase exercise tolerance, 
decrease use of cardiac medications, and improve qual-
ity of life in properly selected patients. These patients 
typically have end-stage coronary artery disease that is 
not amenable to further conventional revascularization 
procedures with CABG or PCI. They are extremely 
symptomatic with refractory angina that cannot be con-
trolled with maximal medical therapy. Although TMLR 
has not been shown to improve survival, the circum-
stances of the typical “no option” patient are dire and 
the importance of any intervention that can improve 
quality of life endpoints should not be minimized or 
dismissed.     
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      The Impact of Various Wavelength 
Lasers on Myocardial Function 
following Transmyocardial Laser 
Revascularization       

     Keith     A.     Horvath       and     Cristian     Militaru     

            Introduction 

 The treatment of angina has gone a long way and has taken 
many turns. Procedures like coronary artery bypass grafting 
(CABG) and percutaneous coronary intervention (PCI) have 
proven themselves as viable solutions for many, but not all. 
A growing number of patients are unable to be treated by 
these methods primarily because of the diffuse nature of 
their disease. It is for these end-stage coronary disease 
patients, that transmyocardial laser revascularization 
(TMLR) was developed. This chapter will explore the infl u-
ence of specifi c laser parameters on laser-tissue interactions, 
the results of studies involving TMLR or TMLR in conjunc-
tion with CABG, and fi nally will analyze the possible mech-
anisms of TMLR.  

    Historical Perspective 

 The concept of myocardial vascularization directly from the 
ventricular cavity was developed over many years through 
the strenuous work and forward thinking of pioneers. Their 
work helped in the development of new and better treatment 
techniques, and, perhaps even more importantly, in the 
understanding of the anatomy and pathophysiology of coro-
nary disease. While a detailed history of their fi ndings in this 
fi eld is beyond the scope of this chapter, we feel that a brief 

summary would help the reader better comprehend the 
development of ideas and methods in use today. 

 The discovery of direct vascular communications between 
coronary arteries and ventricles, by Vieussens (royal physi-
cian of Louis XIV) and Thebesius, dates back to the begin-
ning of the 18th century [ 1 ,  2 ]. These communications were 
later named the Thebesian veins. Two hundred years later, 
examining in the morgue, the hearts of two patients who had 
suffered from chronic syphilitic aortitis, American doctors 
Leary and Wearn discovered that both patients’ coronary ori-
fi ces had been occluded by the disease. The fi nding was sur-
prising because although the lesions were obviously chronic, 
the patients had no apparent physical effort limitations in the 
years prior to their death, “These two people were able to 
work and go about their daily lives with their coronary arter-
ies completely occluded” [ 3 ]. The discovery begged the 
question: where did the heart get suffi cient blood supply 
from? The only viable answer in the authors’ opinion was 
the Thebesian veins. 

 Another doctor whose contributions are worth mention-
ing is Claude Beck. He postulated that the infl ammatory 
response in the myocardium stimulates arteriogenesis. He 
successfully tested his theory by adding foreign objects like 
powdered beef bone or asbestos to the surface of the heart 
and thus producing infl ammation [ 4 ]. He also performed 
myopexy and omentopexy in an effort to stimulate collateral 
blood fl ow. After that, Beck tried to bring oxygenated blood 
to the coronaries by “arterialization of the coronary sinus”, a 
surgery that used the brachial artery as a graft connecting the 
aorta to the coronary sinus [ 5 ]. This operation was fi rst 
applied to patients in 1948, on a beating heart, years before 
the development of cardiopulmonary bypass and CABG. 

 The procedure that probably received the most attention 
was the Vineberg surgery. Dr. Arthur Vineberg, a Canadian 
cardiac surgeon, began implanting the left internal mammary 
artery (IMA) into the myocardium in 1946 (Fig.  21.1 ). The 
technique relied on the idea that anastomosis between the 
graft and the microcirculation of the myocardium would 
develop [ 6 ]. Angiographic, histologic and functional 
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 evidence confi rmed his theory. It showed that the IMA 
implant was patent, that it had extensive communications 
with the myocardial circulation, and that it improved sur-
vival after coronary artery ligature in an animal model [ 7 ]. 
The fi rst human Vineberg surgery took place in 1950 and, 
although the patient died 62 h later, the second patient to 
undergo the operation lived for another 10 years. Afterwards, 
the method was improved and, consequently, so were the 
results [ 8 ]. Interestingly, angiographic evaluation of a patient, 
21 years after the procedure, confi rmed that the mammary 
implant was still permeable and still supplying blood to the 
myocardium [ 9 ].

   In 1965 Dr. P. K. Sen, of Bombay, India, reported the use 
of a unique approach to direct myocardial revascularization 
[ 10 ]. Based on the observation of the reptilian heart, where 
most of the blood supply comes directly from the ventricular 
cavity, Sen used needles to create small channels in the myo-
cardium, which would communicate directly to the ventricu-
lar chamber. Using a canine model with the left anterior 
descending coronary artery (LAD) ligature, he showed that 
the technique resulted in decreased mortality, increased 
long-term survival, and decreased infarct size. 

 Later, in 1981, Mirhoseini and Cayton used a carbon 
dioxide (CO 2 ) laser (0–400 W), instead of needles, to create 
channels in the canine myocardium [ 11 ]. After ligature of the 
LAD, they divided the dogs into four groups: the fi rst group 
received laser treatment to the entire area perfused by the 
LAD, the second group had only 1 cm 2  of their myocardium 
treated, the third had the entire area perfused by the LAD 
laser-perforated prior to the coronary ligature, and the forth 
group was the control group with no laser treatment. All the 
animals in the control group died within 20 min, whereas the 
survival rate in the other groups was: group I – 83 %, group 

II – 33 % and group III – 100 %. In 1983, Mirhoseini et al. 
used transmyocardial laser revascularization in conjunction 
with CABG on a patient, with satisfying results [ 12 ].  

    Laser-Tissue Interactions 

 The subject of laser-tissue interactions has been an area of 
signifi cant debate over the last decades, ever since laser fi rst 
found its medical application. Obviously, an exhaustive dis-
cussion of all aspects of laser-tissue interaction is not practi-
cal, so we will just focus on understanding the fundamental 
mechanisms in the context of TMLR. 

 The type of interactions between the photon beam and the 
molecules of the target tissue is determined on the one hand 
by laser parameters and on the other hand by tissue charac-
teristics. We will now present the most important laser and 
tissue characteristics when it comes to TMLR, the types of 
interactions that may occur, and their dependence on the 
aforementioned characteristics. 

    Laser Parameters 

  Laser  stands for “light amplifi cation by stimulated emission 
of radiation” and is basically an intense beam of coherent 
light. Its coherence is both spatial, which means that the light 
is focused on a small spot, and also temporal, i.e., the light 
has a very narrow spectrum. The light produced by the laser 
can be continuous or pulsatile. A pulsed laser can deliver 
pulses of light at varying frequencies (number of pulses per 
unit of time) and of varying durations. On the other hand, a 
continuous wave laser emits a photon beam whose output 
power is constant over time. 

 The most important laser parameters are wavelength, 
energy, exposure time, power (energy/time) and irradiance 
(power/area). The wavelength of the photons determines the 
color of the light produced, and since all the photons emitted 
by the laser have basically the same wavelength, the laser 
light is monochromatic (Fig.  21.2 ). The wavelength also 
determines which elements of the target tissue (proteins, 
DNA, melanin, hemoglobin, or water) absorb the photon 
energy, but this will be discussed in length in the next sub-
chapter. The wavelength (λ) is inversely proportional to the 
frequency (ν), which in turn is directly proportional to the 
energy ( E ) of the photon, as shown by  Planck’s relation :

E = hv

where  h  is  Planck’s constant  = 6.62606957 × 10 34  m 2 kg/s.
   Another relevant parameter is the power of the laser, i.e., 

the energy delivered in a unit of time. Lasers with a small 
pulse duration (e.g., Ho:YAG laser, excimer laser) produce 
higher power than lasers with longer pulse duration (e.g., CO 2  

  Fig. 21.1    Drawing showing internal mammary artery implant into the 
myocardium (Vineberg surgery) (From Vineberg and Miller [ 7 ] with 
permission)       

 

K.A. Horvath and C. Militaru



289

laser), even though they poses less energy. As we will see 
later in the chapter, the relationship between these two 
parameters will be essential in the effects lasers have on 
myocardial tissue, both on the depth of ablation and on the 
degree of collateral damage.  

    Optic Tissue Characteristics 

 Firstly, it is worth mentioning that when interacting with bio-
logical tissue laser light is treated as photons. This is because 
biological tissue is “an inhomogeneous mix of compounds, 
many with unknown properties, at unknown and varying 
quantities and distributed in variable and largely unknown 
fashion” [ 13 ]. So, trying to apply Maxwell’s equations (i.e., 
treat light as a wave) would only result in an insoluble math-
ematical problem. Thus, light is considered to be made up of 
particles (photons) and, this way, probabilistic mathematical 
formulas can be used. 

 When the laser photons collide with the target tissue, one 
of the following can happen:

    1.    Some photons will refl ect off the tissue surface; this is 
determined by the refractive index ( n ) of the tissue. Note 
that the refractive index of the same surface can vary 
depending on the light wavelength (see Sellmeier’s for-
mula), so different lasers refl ect in different proportions 
off the same myocardial surface.   

   2.    The majority of the photons will enter the tissue, upon 
which the following can happen:
    (a)    Some photons are absorbed (their energy is absorbed 

by the molecules) and can trigger thermal, chemical 
or mechanical reactions.   

   (b)    Some photons are not absorbed, but defl ected towards 
other molecules ( scattered ), and the process repeats 
itself until the photon may be absorbed.         

 The type of interaction is determined not only by the laser 
wavelength, but also by the composition of the tissue. If the 
target molecule naturally vibrates at frequencies similar to 
the frequencies of the photon that hits it, this molecule 

absorbs most of the photon’s energy. If, on the other hand, 
the frequencies are not similar, only a small portion of the 
photon energy is absorbed and the photon is scattered 
towards other molecules with which it interacts in the same 
way, and the process continues until the all the photon’s 
energy is absorbed. If scattering is signifi cant, photons are 
determined to travel from molecule to molecule in directions 
other than the one intended, thus producing collateral dam-
age. Likewise, if absorption is dominant, the photons will 
quickly penetrate the tissue, theoretically in the direction 
chosen by the operator. Unfortunately laser-tissue interac-
tions are not as simple as we, deliberately, made them look. 
For example, even if the energy of the photons is absorbed 
only by target molecules and none others, the type of interac-
tion it determines can still produce mechanical collateral 
damage, as is the case of tissue rupture after explosive vapor-
ization. Not to mention the fact that a certain degree of col-
lateral damage may even be benefi c in the specifi c case of 
TMLR. It is vital, therefore, to choose the types of lasers 
whose wavelengths are appropriate for the tissue they target, 
and also for the type of effects they seek to produce. 

 Let’s turn the discussion to absorption in particular since 
energy absorption is the crucial event that allows for any fur-
ther effect to take place. How much of this outside energy is 
absorbed in the unit of time and space determines whether 
the effects are benefi c or destructive, and whether the type of 
reaction it produces inside the molecules is photochemical, 
photothermal, or photomechanical. Light of different wave-
lengths is absorbed by different molecules. The substances 
that absorb light are called  chromophores . 

 The principal myocardial tissue chromophores in rela-
tionship to the laser wavelength are as follows [ 14 ]:

    I.    In ultraviolet (UV) light the principal chromophores are 
proteins, DNA and melanin. At shorter wavelengths, the 
peptide bond (O = C–N–H), which is the brick of all pro-
teins, is the principal light absorber; its maximal absorp-
tion being around 190 nm, although it remains signifi cant 
to 240 nm. As the wavelength becomes longer, DNA, the 
aromatic amino acid residues, and melanin, start absorb-
ing most of the light. The only UV laser used in TMLR is 
the XeCl excimer laser, which has a λ of 308 nm. Other 
excimer lasers, like ArF excimer laser (λ = 193 nm), 
could also be used in theory, but either have not been 
suffi ciently studied, or are believed to be cytotoxic and 
mutagenic because of their effect on DNA.   

   II.    In the visible spectrum, melanin and hemoglobin domi-
nate the absorption. Melanin absorption drops monotoni-
cally with the increase in wavelength; as such, the 
absorption at 780 nm is roughly 5 times lower than that 
at 400 nm [ 15 ,  16 ]. Hemoglobin is more important when 
it comes to the myocardial tissue, and can be present in 
both deoxygenated (Hb) and oxygenated (HbO 2 ) forms. 

Ultraviolet Visible light Infrared

Er:YAG
2,940 nm

Nd:YAG
1,064 nm

390 nm

Cu - vapor
578 nm

Ho:YAG
2,120 nm

XeCl excimer
308 nm

700 nm
N2

428 nm

CO2
10,200 nm

  Fig. 21.2    A diagram of the electromagnetic spectrum, showing lasers 
across the range of wavelengths. In bold lasers used in TMLR       
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Hb absorption peaks in the violet at λ = 433 nm, then 
drops, only to have another peak at λ = 556 nm. HbO 2  has 
a similar behavior, with maximum absorptions at λ = 414, 
542, and 576 nm. Although the absorption drops with 
infrared radiation, hemoglobin still plays a signifi cant 
role in highly vascularized tissues, as proven by Horecker 
back in 1943 [ 17 ]. At the moment there are no lasers that 
emit light in the visible spectrum that are used in TMLR.   

   III.    In the infrared (IR) light, water is the most important 
chromophore. As mentioned before, hemoglobin plays a 
role, as do proteins (especially collagen), but, by and 
large, water absorption in the one that counts. The 
absorption coeffi cient (μa) increases constantly in rela-
tion to the wavelength, achieving peaks at 960, 1440, 
1950, 2940, 4680 and 6100 nm [ 100 ], the maximum 
being at 2940 nm. Optical absorption continues to be 
important through wavelengths of 10–15 μm, and even 
in the far IR. The only two Food and Drug Administration 
(FDA) approved lasers for TMLR are IR lasers: Ho:YAG, 
λ = 2100 nm, and CO 2  at λ = 10,200 nm.    

      Types of Laser-Tissue Interactions 

 The multitude of combinations between the laser parameters 
and tissue characteristics result in an almost infi nite number 
of potential interactions. Even so, these interactions can be 
divided into fi ve main groups: photochemical, photothermal, 
photoablation, plasma-induced ablation and photodisrup-
tion. Each of these will be discussed briefl y with emphasis 
on the specifi c case of TMLR. For a more detailed review we 
highly recommend the reader see the  Interaction Mechanisms  
chapter from Markolf Niemz’ book [ 18 ]. 

 Before going further, two observations are worth making. 
Firstly, the fact that even though the lasers’ radiant exposure 
(energy/area) ranges just from approximately 1 J/cm 2  to 
1000 J/cm 2 , the irradiance (power/area) ranges by 15 orders 
of magnitude. Thus, one can conclude that a sole parameter, 
the time of exposure, has the greatest infl uence on the mech-
anism of interaction. Secondly, it is important to understand 
that these types of interactions cannot be completely sepa-
rated and that often they overlap. For example, ultrashort 
pulses of 100 ps, which taken separately have no thermal 
effect, when applied in repetition at rates of 20 Hz or higher, 
may add up to signifi cant increases in temperature [ 18 ].  

    Photochemical Interactions 

 Photochemical interactions are negligible when it comes to 
TMLR, so we will only briefl y address them. Empirical 
observations have shown that light can produce chemical 
reactions within the molecules and tissue that it is applied to. 

One obvious example is the process of photosynthesis that 
takes place in plants. Photochemical interactions take place 
when low irradiance light (generally about 1 W/cm 2 ) is 
applied over very long periods of time, ranging from seconds 
to hours. In most cases the wavelengths fall within the visible 
spectrum and scattering is dominant. Their most preeminent 
medical use is during  photodynamic therapy  (PDT), a form 
of phototherapy that combines a drug (photosensitizer) with 
laser light of a specifi c wavelength. The photosensitizer is a 
nontoxic drug that, when exposed to a certain wavelength, 
becomes toxic. PDT is mostly used in cancer treatment, and 
relies on the fact that the photosensitizer is absorbed by cells 
all over the body but stays in malignant cells longer than it 
does in normal cells. After the photosensitizer has been elim-
inated from all but the cancer cells, laser light is applied, 
which makes the photosensitizer to produce reactive oxygen 
species, thus harming the tumor.  

    Photothermal Interactions 

 The term  photothermal interactions  stands for a large group 
of interaction types resulting from the transformation of 
absorbed light energy to heat. While the photochemical 
interactions are governed by precise laws and follow a spe-
cifi c reaction pathway, photothermal reactions tend to be 
non-specifi c. Depending on the duration and temperature 
increase, one of the following processes can be distinguished: 
coagulation, vaporization, carbonization and melting 
(Table  21.1 ). Often more than one thermal effect is induced 
in the biological tissue, even ranging from carbonization at 
the surface to just hyperthermia a few millimeters inside the 
tissue. As such, the exact threshold of cell necrosis at a given 
depth is hard to determine and depends largely on the time of 
exposure. Given suffi cient time, heat transfer inside the myo-
cardial tissue is also governed by the laws of thermodynam-
ics that apply to any other material: fi rstly, energy is 
conserved, and secondly, heat fl ows from areas of high tem-
perature to areas of lower temperature. Typically, photother-
mal processes take place at pulse durations of 1 μs up to 1 s 
and irradiances of 10–10 6  W/cm 2 , and are the most prevalent 
interaction when it comes to the lasers used in TMLR.

   Collateral thermal damage can be caused in two particular 
ways: either by direct deposition of heat below the point 
where the energy density is suffi cient enough for ablation, or 
by thermal diffusion from the heated tissue to the surround-
ing cooler tissue. Apart from these though, there is still a 
very important way of causing collateral damage, photome-
chanical interactions. As the temperature increases to 100 °C 
most water molecules start to vaporize. At fi rst this vaporiza-
tion is advantageous because the generated vapor carries 
away excess heat and helps prevent a further increase in tem-
perature. But as the laser beam advances and the vapor 
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cannot quickly evaporate up the portion of the channel 
already created, the large increase in volume leads to gas 
bubbles formation. While trying to escape out of the tissue, 
the bubbles will likely tear the tissue along the path of least 
resistance, which is along the long axis of the muscle cells. 
The rapid volume expansion will also produce acoustic 
shock waves that damage nearby tissue. This entire process 
is called  explosive vaporization  and is particularly important 
during TMLR. It is very likely that this type of laser-tissue 
interaction is detrimental to cardiac architecture, function 
and electrical conduction, and should be avoided. 

 With regards to the heat diffusion and subsequent thermal 
collateral damage, it is obvious that the longer the pulse, the 
more time for heat to dissipate and damage the surrounding 
tissue. The irony is that by trying to avoid this side effect and 
making the pulses shorter, the laser’s power (energy/time) 
will increase, causing the ablation process to be even more 
explosive and potentially do more mechanical damage. While 
the exact optimal laser parameters are unknown, it appears 
that the Ho:YAG laser has been associated with greater tissue 
injury due to its multiple short pulses, while the single pulse 
CO 2  laser seams to produce less damage. More on that in the 
section  TMLR-specifi c laser parameters  below.  

    Photoablation 

 Photoablation relies on the fact that, when exposed to high 
intensity laser radiation, the monomers, that make up a poly-
mer, can change from an attractive to a repulsive state. This 
chance is associated with an increase in the volume occupied 
by each monomer, leading to expulsion, and thus to the pro-
cess of ablation. For simplicity’s sake, the process of pho-
toablation can be divided into fi ve stages, as follows:

    1.    absorption of high-energy UV photons   
   2.    promotion to repulsive excited states   
   3.    dissociation   
   4.    ejection of fragments (but no necrosis)   
   5.    ablation.     

 In contrast to explosive vaporization, the entire process is 
closer to a photochemical interaction in nature, and thus 
more exact. The main advantages of this ablation technique 
lie in the precision of the etching process, its excellent pre-
dictability, and the theoretical lack of collateral damage to 
adjacent tissue [ 13 ]. If however the photon energy is not high 
enough, the molecule is only promoted to a vibrational state, 
rather that to a repulsive state. The absorbed energy then dis-
sipates to heat and the molecule returns to its original state. 

 In theory, lasers with wavelengths shorter than 350 nm 
have high enough photon energy for monomers’ promotion 
to repulsive states and the dissociation of the C–C bonds. In 
reality, pure photoablation is only observed for wavelengths 
such as that of the 193 nm ArF excimer laser [ 18 ]. Higher 
wavelengths are usually associated with a more prevalent 
thermal component [ 19 – 21 ]. In particular the XeCl laser 
(λ = 308 nm) used in TMLR was a dominant photothermal 
effect, similar to the infrared lasers. Also similar to the CO 2  
and Ho:YAG lasers is the resulting mechanical damage pro-
duced by the vapor bubble formation.  

    Plasma-Induced Ablation 

 Plasma-induced ablation involves the use of ultrashort pulses 
(in the order of magnitude of femtoseconds and picoseconds) 
and peak irradiances of 10 11 –10 13  W/cm 2 , which are not char-
acteristic to lasers currently used for TMLR. Using such 
parameters causes the target material to become ionized. The 
result is a small cloud of free positive ions and negative elec-
trons known as  plasma . The entire process, also called 
 dielectric breakdown , is based on an avalanche effect caused 
by a free electron absorbing a photon, accelerating, colliding 
with an atom, ionizing it, resulting in another two free elec-
trons that can follow the same path. This process continues 
as long as the electric fi eld strength  E  produced by the laser 
remains strong enough. So,  E  is the crucial parameter for the 
onset and continuation of plasma-induced ablation and is 
directly proportional to the power density (irradiance) of the 
laser. 

 Once formed, the plasma becomes self-absorbing, caus-
ing the subsequent laser energy to be effi ciently coupled in 
the growing plasma. The important consequence of this phe-
nomenon is the effi cient energy deposition in nominally 
weakly absorbing tissue. This is due to the increased absorp-
tion coeffi cient of the induced plasma.  

    Photodisruption 

 For didactic purposes, we neglected any secondary side 
effects when discussing plasma-induced ablation. Those side 
effects (shock wave formation, cavitation and jet formation) 

   Table 21.1    Thermal effects of laser radiation in relationship to the 
temperature achieved (Adapted from Niemz [ 18 ])   

 Temperature (°C)  Biological effect 

 37  Normal 

 45  Hyperthermia 

 50  Reduction in enzyme activity, cell immobility 

 60  Denaturation of proteins and collagen, 
coagulation 

 80  Permeability of membranes 

 100  Vaporization, thermal decomposition (ablation) 

 >100  Carbonization 

 >300 °C  Melting 
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will be briefl y discussed below as part of what is called  pho-
todisruption . At higher laser energies, and thus higher plasma 
energies, these mechanical side effects become increasingly 
signifi cant. This is due to the fact that mechanical effects 
scale linearly with the absorbed energy. Plasma-induced 
ablation is limited to a rather narrow range of pulse durations 
up to approximately 500 ps. At longer pulse durations, the 
energy density necessary for achieving breakdown already 
induces signifi cant mechanical side effects [ 18 ]. 

 During plasma formation, local temperature can reach 
thousands of degrees Celsius, causing rapid volume expan-
sion and formation of shock waves that diffuse in the sur-
rounding medium, in a way similar to the explosive 
vaporization caused by the photothermal interactions. 
Roughly 50–150 ns after the initial laser pulse, tissue water 
evaporates, resulting in vapor induced mechanical stress and 
formation of a cavitation bubble. The cavitation bubble per-
forms several oscillations of expansion and collapses within 
a period of a few hundred microseconds, rupturing the sur-
rounding tissue and producing an explosive ablation 
process.  

    TMLR-Specifi c Laser Parameters 

 Numerous mechanical devices [ 22 ,  23 ], including ultrasound 
[ 24 ], cryoablation [ 25 ], radiofrequency [ 26 ] and needles [ 27 , 
 28 ], have been used to create channels through the myocar-
dium. Additionally, a large variety of laser wavelengths have 
also been employed experimentally: neodymium:YAG 
(ND:YAG) [ 29 ], erbium:YAG (Er:YAG) [ 30 ], xenon chlo-
ride (XeCl), holmium:YAG (Ho:YAG) and carbon dioxide 
(CO 2 ), with the latter three also being used clinically. Still, 
the only ones approved by the FDA and used in large-scale 
clinical practice are the Ho:YAG and the CO 2  lasers. The 
characteristics of these lasers and their specifi c ablation pro-
cess will be presented below, followed by the operative 
TMLR technique. 

 The Ho:YAG laser is an infrared (2,120 nm) pulsed 
laser, producing pulses of 200 μs that are emitted through a 
fl exible 1 mm optical fi ber. The CardioGenesis Corp laser 
system, the most widely used Ho:YAG laser, produces 
energies of 1–2 J/pulse, resulting in an average power of 
6–8 W/pulse and irradiances of 6–8 W/mm 2 . It takes 
approximately 20 pulses to create a transmural channel. 
Despite the relatively low energy level, there are high peak 
power levels delivered to the tissue, resulting in explosive 
vaporization with each pulse (Fig.  21.3 ). Another potential 
shortcoming arises from the fact that the optic fi ber has to 
be manually advanced through the myocardium, and it is 
therefore diffi cult to know if the channel is being created by 
the laser ablation or the mechanical kinetic effect of the 
advancing fi ber.

   By contrast, the CO 2  laser uses a single laser pulse to cre-
ate the channel, and because of this the process has also been 
called continuous laser ablation (to differentiate from pulsed 
laser ablation). The clinically approved PLC Medical 
Systems CO 2  laser system is set to deliver 800 W in a pulse 
1–99 ms long at energies of 8–80 J to create 1 mm diameter 
channels (Fig.  21.4 ). It should be noted that although the 
average pulse duration is 25–40 ms, the actual interaction 
time within a single myocardial zone is approximately 24 μs 
because the ablation front moves at a speed of 500 mm/s 
[ 13 ]. Under these conditions, the laser photons do not cause 
explosive ablation and the collateral structural damage is 
minimized (Fig.  21.3 ). Additionally, the CO 2  laser is syn-
chronized to fi re on the R wave of the ECG when there is 
maximal ventricular fi lling and electrical quiescence. The 
Ho:YAG laser device is unsynchronized, and also due to the 
motion of the fi ber through the myocardium during the car-
diac cycles, it is more prone to ventricular arrhythmias.

   When compared side-by-side, the results indicate that 
although the Ho:YAG laser can create channels smaller in 
diameter, it causes up to six times more collateral damage 
compared to the CO 2  laser [ 31 ]. This is likely due to both 
laser-tissue interactions at different wavelengths, as previ-
ously detailed, as well as to the differences in laser system 
parameters and actual laser delivery method. Kitade et al. 
also found that the Ho:YAG laser created a layer of 
760 ± 288 μm of thermal damage, while the CO 2  laser only 
caused 249 ± 83 μm of damage to the surrounding tissue 
[ 32 ]. Another histopathology report also confi rmed the fact 
that collateral damage is initially greater when using the 
Ho:YAG laser, but was unable to see a signifi cant scar differ-
ence at 6 weeks [ 33 ]. Even though the exact mechanism of 
TMLR is still debatable, a strong case can be made that the 
explosive vaporization garnered by the Ho:YAG laser abla-
tion does not improve cardiac function or perfusion [ 31 ,  34 , 
 35 ]. This is also supported by the results of the randomized 
clinical trials that showed improved perfusion tests for the 
CO 2  treated patients, but not for those treated with holmium 
laser. More on that in the section  Clinical trials  below. 

 Finally, the XeCl laser operates with ultraviolet (308 nm) 
light and uses a 1 mm fi ber embedded steel tip to advance 
through the myocardium, much like the Ho:YAG laser. The 
standard operating parameters for the laser are pulses of 
110 ns with energies of 32–40 mJ/pulse, resulting in an aver-
age power of 0.2 W per pulse and irradiances of 0.26 W/mm 2 . 
The maximum number of pulses per cardiac cycle is 5 and it 
takes 3–4 triggered cardiac cycles to create the transmyocar-
dial channel. As previously discussed, even if theoretically, 
being an UV laser, the XeCl excimer should employ pho-
toablation, in reality, its action mechanism is mostly photo-
thermal, much like the IR lasers. And fi nally, also being a 
pulsed laser, its ablation process is closely related to the one 
of the Ho:YAG laser.   
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    Operative Technique 

 TMLR can be used as a sole-therapy or in conjunction with 
CABG. When used as a sole-therapy, the patient undergoes a 
left anterior thoracotomy in the fi fth intercostal space after 
general anesthesia is established. Once the ribs are spread by 
a retractor, the left lung is defl ated and the pericardium is 
open to expose the epicardial surface of the left heart 
(Fig.  21.4 ). Care must be taken to avoid previous bypass 
grafts and to physically manipulate the heart as little as pos-
sible. Channels are created starting at the base of the heart 

and then serially in lines approximately 1 cm apart towards 
the apex, starting inferiorly and working superiorly to the 
anterior surface of the heart. The exact number of channels 
created depends upon the ischemic area and the size of the 
heart. The areas where the myocardium is thinned by scar 
should be avoided, as TMLR will not be benefi cial and 
excessive bleeding may become a problem. Transesophageal 
echography can be used to confi rm transmural penetration of 
the laser beam. The vaporization of blood as the laser jet 
enters the ventricle creates a characteristic acoustic effect 
easily seen through an echography. For select patients, in 

a

b

  Fig. 21.3    Sequential photography of the fi ring of a single pulse from a CO 2  laser ( a ) and a Ho:YAG laser ( b ) into water. The pulse duration and 
energy levels are the same as those being used clinically       
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order to minimize postoperative incisional pain, the proce-
dure can also be performed robotically or with video-assisted 
thoracoscopy [ 36 ]. When it comes to performing TMLR in 
conjunction with on-pump CABG, the main difference is 
that the heart is not moving and this facilitates creation of the 
channels with the exact desired distribution.  

    Clinical Trials 

    Sole TMLR Therapy 

 The safety and effi ciency of TMLR, previously demonstrated 
in a series of nonrandomized studies [ 35 ,  37 – 42 ], was also 
confi rmed by the controlled randomized trials [ 43 – 48 ] 
(Table  21.2 ). As part of these pivotal studies, over 1000 
patients with severe refractory angina were enrolled and ran-
domized to receive either TMLR or conservative medical 
therapy. The common inclusion criteria were the following: 
patients suffered from severe refractory angina that was not 
amendable to standard reperfusion therapy (PCI or CABG), 
and had a left ventricular ejection fraction (LVEF) greater 
than 25 %. The patients were randomly assigned to TMLR or 
medical management (MM), and as such, there were no sig-
nifi cant demographic or risk factors differences between the 
TMLR and the MM group. The characteristics of the TMLR 
group in each of the six studies are presented in Table  21.2 . 
Patients’ average age was 62, the majority were male and had 
a mildly diminished ejection fraction (48 %). All patients 
had class es  III (39 %) or IV (61 %) angina according to the 
Canadian Cardiovascular Society (CCS) class. A large 

portion of the patients had undergone CABG or PCI prior to 
the TMLR. Two studies [ 43 ,  44 ] permitted crossover from 
MM to TMLR in case the failure criteria was met (angina 
unweanable from intravenous antianginal medication), while 
the others did not. Finally, three of the studies were multi-
center and the other three were developed in a single center.

       Results 

    Mortality (Table  21.3 ) 
    Although mortality rates had been previously reported in the 
10–20 % range [ 35 ,  37 – 39 ,  41 ,  42 ], the prospective random-
ized studies reported lower perioperative mortality of 1–5 % 
[ 43 – 48 ] (Fig.  21.5 ). The essential predicting factor of mor-
tality appeared to be whether or not patients were suffering 
from unstable angina or were on IV nitroglycerin at the 
moment of the intervention. If patients were able to be 
weaned from IV medication before going into surgery, the 
mortality rate was as low as 1 % [ 43 ]. One-year survival of 
the TMLR patients ranged from 84 to 95 %, while the MM 
patients survival was reported to be 79–96 %. Meta-analysis 
done indicated no statistically signifi cant difference between 
the two groups [ 49 ].

       Morbidity 
 The exact defi nitions and inclusion of various conditions and 
complications varied between the studies’ protocols making 
morbidity data much harder to analyze. In general, however, 
patients who underwent TMLR had a lower incidence of 
cardiac-related hospitalizations, myocardial infarction, heart 

Laser handpiece

Laser channels
in left ventricle

  Fig. 21.4    Open transmyocardial revascularization with the CO 2  laser system (From Estvold et al. [ 31 ] with permission from John Wiley and Sons)       
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failure, arrhythmias, coronary-artery bypass grafting or per-
cutaneous angioplasty [ 43 – 48 ]. For example Allen et al. [ 43 ] 
reported Kaplan–Meier estimates of freedom from cardiac- 
related rehospitalization at 1 year to be signifi cantly higher 
in the TMLR group (61 % vs. 33 %, P < 0.001).  

    Angina Improvement 
 Angina improvement is the main benefi t for laser therapy. 
Signifi cant angina reduction was defi ned as a reduction of 
two or more angina classes (CCS) from the baseline. Such a 
reduction was observed in all of the randomized trials [ 43 –
 48 ] through the 1-year follow-up period, and this reduction 
was highly signifi cant (p < 0.001) when compared to MM 
(Table  21.4 ). Success rates ranged from 25 to 76 % and were 
directly proportional to the percentage of patients who had 
baseline class IV angina [ 43 – 47 ] (Jones et al. [ 48 ] reported 
83 % reduction in angina class, but was not clear about the 

number of angina classes dropped). The broad range of suc-
cess rates can be attributed to the differences in baseline 
characteristics for the patients enrolled. As stated above, the 
studies that had a higher percentage of patients with initial 
class IV angina [ 43 ,  44 ] had higher success rates. This is of 
course because it is easier to achieve a two-class angina drop 
when baseline angina class is IV, compared to a baseline of 
class III angina.

       Exercise Tolerance 
 Four of the trials considered exercise tolerance time (ETT) as 
an endpoint and demonstrated improvement after TMLR 
[ 45 – 48 ]. Schofi eld et al. [ 45 ] employed both a symptom- 
limited modifi ed Bruce treadmill test and a 12-min walk test 
to compare 1-year changes between TLMR and MM patients. 
The exercise tests showed that TMLR patients lasted an aver-
age of 40 s longer on the treadmill (p = 0.15) and needed to 

    Table 21.2    Randomized control trials of transmyocardial revascularization   

 Characteristic  Allen et al. [ 43 ]  Frazier et al. [ 44 ]  Schofi eld et al. [ 45 ]  Burkhoff et al. [ 46 ]  Aaberge et al. [ 47 ]  Jones et al. [ 48 ] 

 Laser used  Ho:YAG  CO 2   CO 2   Ho:YAG  CO 2   Ho:YAG 

 Number of centers  18  12  1  16  1  1 

 Patients ( N )  275  192  188  182  100  86 

 Age (years)  60  61  60  63  61  62 

 Male gender (%)  74  81  88  89  92  100 

 LVEF (%)  47  50  48  50  49  46 

 CCS class III/IV (%) a   0/100  31/69  73/27  37/63  66/34  23/77 

 CHF (%)  17  34  9  NR  NR  NR 

 Diabetes (%)  46  40  19  36  22  NR 

 Hypertension (%)  70  65  NR  74  28  63 

 Prior MI (%)  64  82  73  70  70  73 

 Prior CABG (%)  86  92  95  90  80  87 

 Prior PCI (%)  48  47  29  53  38  51 

 Number of channels  39  36  30  18  48  NR 

   a  Canadian Cardiovascular Society (CCS) class [ 43 – 46 ,  48 ]; New York Heart Association (NYHA) class [ 47 ]  
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   Table 21.3    Perioperative 
TMLR mortality and 1-year 
survival comparison between 
TMLR and MM in the 
randomized trials       
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stop the test due to angina less frequently than MM patients 
(p < 0.001). Also, the mean 12-min walk distance was 33 m 
longer in the TMLR group (p = 0.1). Burkhoff et al. [ 46 ] also 
used a modifi ed Bruce treadmill exercise test and reported 
signifi cant ETT improvement after TMLR (+65 vs. −46 s 
with MM; p < 0.0001). Using a cycle ergometer exercise test, 
Aaberge et al. [ 47 ] showed an increase in time to onset of 
angina at 12 months (+66 vs. −3 s, TMLR vs. MM patients; 
p < 0.01). Finally, even with preprocedure baseline ETT 
slightly in favor of the MM group, Jones et al. [ 48 ] reported 
a 1-year follow-up mean  exercise time to angina  of 490 vs. 
294 s in TMLR vs. MM groups (p = 0.0001).  

    Quality of Life and Medical Treatment 
 Three trials used standardized questionnaires to assess the 
quality of life subjectively perceived by the patients. Two tri-
als chose the Seattle Angina Questionnaire [ 44 ,  46 ] (Frazier 

[ 44 ] also employed the 36-item Medical Outcomes Study 
Short-Form General Health Survey – SF36) and another 
used the Duke Activity Status Index [ 43 ]. The fi ndings were 
consistent and statistically signifi cant in favor of TMLR. The 
results also showed a signifi cant increase in event-free sur-
vival at 1-year (p < 0.0001) [ 43 ,  44 ]. Hospital admissions 
reduction can also be considered an indicator of effi ciency 
and increased quality of life. A meta-analysis of the trials’ 
data found out that 1-year hospital admissions were in fact 
four times more frequent in the MM group than the laser- 
treated patients [ 49 ]. 

 All the patients included in the studies were suffering 
from severe refractory angina and were on a maximal anti-
anginal medical therapy. Although at baseline the medication 
profi le was similar for both arms of the trials, 1-year follow-
 up demonstrated reduction in nitrates, beta-blockers and Ca 
blockers use for the TMLR patients. One trial’s data shows 
that 83 % of TMLR-treated patients’ medication decreased 
or remained unchanged, while 86 % of MM patients’ medi-
cation increased or remained the same [ 44 ]. This goes to 
prove that the TMLR’s angina reduction and exercise toler-
ance improvements were not due to change or increase in 
medication.  

    Perfusion Tests 
 Most of the prospective trials obtained perfusion scans pre-
operatively and as part of the follow-up [ 43 – 46 ,  48 ]. The 
lesions determined on the scans where deemed either as scar 
tissue (fi xed defects) or as ischemia (reversible defects). 
Although the exact methodology of the nuclear scanning dif-
fers, the results are consistent in demonstrating improvement 
of perfusion in CO 2  laser-treated patients, and, conversely, 
no improvement in the Ho:YAG laser trials. Frazier et al. 
[ 44 ] reported a 20 % decrease in the ischemic area after 
TMLR and a 27 % increase of ischemia in the MM patients, 
but no differences in the number of fi xed defects. In the other 
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CO 2  laser trial, Schofi eld et al. [ 45 ] observed a signifi cant 
decrease in reversible defects in both the TMLR and MM 
groups. Still, a difference was evident when comparing scar 
tissue (fi xed defects) after the 1-year follow-up. The number 
of fi xed defects did not increase in the TMLR group but dou-
bled under sole medical therapy. As mentioned above, none 
of the Ho:YAG trials [ 43 ,  46 ,  48 ] reported any signifi cant 
difference in myocardial perfusion after TMLR. 

 Nonrandomized data had previously demonstrated 
improvement of perfusion in both fi xed and reversible defects 
using isotope scanning in CO 2  TMLR-treated patients [ 37 ]. 
Using position emission tomography (PET) scanning, argu-
ably the most sensitive test for myocardial perfusion, Frazier 
et al. [ 50 ] showed an increase in the relative perfusion of the 
subendocardial to epicardial areas after CO2 TMR treat-
ment. Interestingly, these changes were seen in patients who 
displayed no signifi cant improvement in thallium scans, thus 
raising questions about the accuracy of the commonly used 
isotope scans.  

    Long-Term Results 
 Two of the studies included a long-term follow-up of the ran-
domized patients. With regards to mortality, Aaberge et al. 
[ 51 ] reported four-year survival to be 78 % after TMLR and 
76 % with MM (no statistical signifi cance), while Allen et al. 
[ 52 ] demonstrated survival of 65 % versus 52 % in favor of 
TMLR (p = 0.05) with an average annual mortality beyond 1 
year of 8 % versus 13 % (p = 0.03). With regards to angina 
reduction, one trial determined that 88 % TMLR vs. 44 % 
MM (p < 0.001) patients were still experiencing at least a 
two-class angina improvement after 5 years. Importantly, 
33 % of the laser-treated group were free from angina symp-
toms altogether, versus just 11 % of the sole medical therapy 
(p = 0.05) [ 52 ]. The other long-term study also reported 
angina improvement (24 % vs. 3 %, TMLR vs. MM, 
p = 0.001) and unstable angina hospitalizations reduction 
(p < 0.05) at a mean follow-up of 43 months [ 51 ]. 
Nonrandomized data from a 5-year follow-up study of 
TMLR patients supports these fi ndings and shows continued 
improvements in symptoms and quality of life [ 53 ]. 

 Because none of the trials involving TMLR were blinded, 
it has been suggested that angina relief after TMLR may have 
resulted from the placebo effect induced by the surgical inci-
sion and the novelty of the procedure. The overwhelmingly 
positive 1-year results [ 43 – 48 ] and continued long- term 
improvement [ 51 – 53 ] mitigates the concern of placebo effect. 
The placebo effect would be expected to infl uence early out-
comes in such trials, but that those outcomes would persist 
long-term is unlikely. Another important argument in favor of 
TMLR is the objective data attesting to the reduction of myo-
cardial ischemia after isotope nuclear scanning [ 37 ,  44 ,  45 ], 
PET scan [ 50 ], dobutamine stress echocardiography [ 54 ] and 
contrast enhanced magnetic resonance imaging [ 55 ]. 

 Based on an assessment of the cumulative results from 
these multiple randomized trials, the American College of 
Cardiology/American Heart Association (ACC/AHA) prac-
tice guidelines [ 56 ], Society of Thoracic Surgeons (STS) 
practice guidelines [ 57 ], and a consensus statement from the 
International Society of Minimally Invasive Cardiac Surgery 
[ 58 ] have determined that the weight of the evidence strongly 
favors the use of TMR in the treatment of stable, medically 
refractory angina patients.   

    TMLR as an Adjuvant to CABG 

 Incomplete revascularization of multivessel coronary artery 
disease after CABG occurs in up to 25 % of cases [ 59 ,  60 ] 
and is a strong predictor of perioperative adverse events and 
long-term poor prognosis [ 59 – 65 ]. Due to the success of 
TMLR as a sole therapy, it also has been evaluated in con-
junction with CABG for patients with diffuse coronary dis-
ease who could not be completely revascularized with CABG 
alone. The safety and feasibility of the method was assessed 
in a couple of non-randomized trials [ 66 – 68 ], but the assess-
ment was made diffi cult mostly due to the multitude of other 
factors that contribute to CABG, as well as the lack of ran-
domized controls arms. 

 Two prospective, randomized trials have been performed 
using TMLR in conjunction with CABG [ 69 ,  70 ]. The base-
line and operative characteristics were similar between groups 
in both trials, including the location and number of bypass 
grafts placed (3.1 ± 1.2, CABG + TMR; 3.4 ± 1.2, CABG 
alone, p = 0.07). Importantly, patients were also blinded to 
their treatment group through the 1-year follow-up. 

 Allen and associates [ 69 ] using a Ho:YAG laser reported 
improved outcomes following TMLR + CABG versus CABG 
alone in terms of a reduced operative mortality rate (1.5 % 
vs. 7.6 %, p = 0.02), reduced postoperative inotropic support 
required (30 % vs. 55 %, p = 0.001) and increased 30-day 
freedom from major adverse cardiac events (97 % vs. 91 %, 
p = 0.04). The 1-year follow-up also showed signifi cantly 
increased 1-year survival (95 % vs. 89 %, p = 0.05) and free-
dom from major cardiac events, defi ned as death or myocar-
dial infarction (92 % vs. 86 %, p = 0.05) in favor of the 
patients who also received adjuvant TMLR. 

 A 5-year follow-up of the patients was also performed 
[ 71 ]. Based on blinded independent evaluations the TMLR 
group experienced signifi cantly lower mean angina scores 
compared to the CABG alone group (0.4 ± 0.7 vs. 0.7 ± 1.1, 
p = 0.05), a lower proportion of patients with severe angina 
(class III or IV), and a trend towards a greater number of 
angina-free patients (78 % vs. 63 %, p = 0.08). Finally, the 
survival rate was similar between the groups. 

 In a similar randomized, prospective, multicenter study, 
Frazier et al. [ 70 ] also reported reduced operative mortality 
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(9 % vs. 33 %, p = 0.09) and increased angina improvement 
at 1 year (63 % vs. 34 %, p = 0.34) for the TMLR + CABG 
patients. At the 1 year mark the rate of treatment failure, 
defi ned as death, repeat revascularization, or failure to 
improve angina class) was nonsignifi cantly reduced for 
TMLR + CABG. During the 4-year follow-up [ 72 ] the inci-
dence of repeat revascularization was higher after CABG 
alone (24 % vs. 0 %, p < 0.05) but the mortality was similar.  

    Excimer Laser Trials 

 The CO 2  and Ho:YAG lasers operate in the infrared range 
and their mechanism of ablation involves vaporizing tissue 
water, which causes thermal and mechanical damage to the 
surrounding tissue (photothermal interactions). This type of 
ablation does not allow precise control over the collateral 
damage created by the bursting vapor bubbles. By contrast, 
the excimer XeCl laser uses ultraviolet light (308 nm), which 
removes tissue in a more precise manner. The nature of the 
process mostly involves photoablation and reduces the col-
lateral damage created. In theory this would be a good thing, 
but practice has proved that a certain degree of collateral 
damage may be desirable particularly in triggering 
angiogenesis. 

 The effi ciency and safety of the XeCl laser had been dem-
onstrated in several uncontrolled trials [ 73 – 75 ] and also one 
randomized study [ 76 ]. Van der Sloot and associates ran-
domized 30 patients with refractory angina to either TMLR 
using excimer laser or maximal medical therapy who were 
followed-up over 1 year. After 12 months patients treated 
with TMLR experienced an angina decreased from a mean 
class of 3.8 to a class of 1.9 and reported an increase in the 
quality of their lives, while angina in conservatively treated 
patients only decreased from 3.9 to 3.7 CCS (p = 0.000001). 
Still, myocardial perfusion or exercise time was not signifi -
cantly improved for the laser treated patients versus the con-
trol group. These results are in line with the ones produced 
by the other 2 lasers, those being an improved quality of life 
and decreased angina and a debatable evidence of improved 
cardiac perfusion or function [ 76 ].   

    Mechanism of Action 

    Channel Patency 

 The initial premise of TMLR was that the created transmural 
channels would allow oxygenated blood to fl ow directly 
from the ventricle cavity into the myocardium. This initial 
theory appears to be false and not the reason behind TMLR’s 
clinical success. Although there is work showing some evi-
dence of patency [ 77 – 80 ], the majority of histological 

evidence has found the channels occluded, initially by 
thrombus and later by scar tissue [ 81 – 85 ]. Even if the chan-
nels were to remain open, the intramyocardial pressure dur-
ing the cardiac cycle exceeds that within the ventricle cavity, 
making the fl ow of blood into the channels impossible [ 86 –
 88 ]. The consensus is that while occasionally channels may 
remain open, this is not the principal mechanism of TMLR.  

    Denervation 

 Laser-induced laser denervation may be responsible for the 
angina relief experienced following TMLR. The nervous 
system of the heart consists of afferent neurons, postgangli-
onic neurons, and sympathetic or parasympathetic efferent 
neurons. This system can function independent of the extra-
cardiac inputs regulating cardiac functions through refl ex 
action. Kwong and colleagues were the fi rst to demonstrate 
myocardial denervation 2 weeks after Ho:YAG TMLR in a 
nonischemic canine model [ 89 ,  90 ]. Hirsch et al. and Minisi 
et al. [ 91 ,  92 ], to the contrary, found that TMLR does not 
affect afferent or efferent axonal function, while another 
study concluded that even though laser treatment may not 
affect afferent or extracardiac efferent neuronal function, it 
does “remodel” the intrinsic cardiac nervous system [ 93 ]. 
Al-Sheik and colleagues [ 94 ] studied regional sympathetic 
denervation using PET scan and demonstrated denervation 
in lased regions 2 months postoperatively. Other experimen-
tal work suggests that although denervation is important in 
the acute stage, reinnervation occurs afterwards [ 95 ,  96 ]. 
Although the studies were thoroughly carried out, the differ-
ence in results can be attributed to the fact it is diffi cult to 
isolate the nerve fi bers and assess their individual function. 
Still, the weight of evidence suggests that TMLR does pro-
duce myocardial denervation, but weather or not it is respon-
sible for the angina reduction is unclear.  

    Angiogenesis 

 Stimulation of angiogenesis is likely the most important 
mechanism behind the effi cacy of TMLR. This would explain 
both the relief in symptoms and the improved myocardial 
perfusion and function as seen with the CO 2  laser. Numerous 
reports have demonstrated a histological increase in perfu-
sion as a result of TMLR [ 33 ,  82 ,  85 ,  97 – 99 ] and some have 
attributed it to a nonspecifi c response to injury similar to that 
seen with mechanical (needle) channel creation [ 23 ,  100 , 
 101 ]. Important molecular evidence of angiogenesis was 
derived from studies showing upregulation of vascular endo-
thelial growth factor (VEGF) messenger RNA, expression of 
fi broblast growth factor 2 (FGF2), as well as matrix metal-
loproteinases following TMR [ 102 – 104 ]. 
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 In a provocative trial, Hughes et al. [ 105 ] compared neo-
vascularization and contractile reserve on an ischemic por-
cine model after TMLR with either a CO 2 , Ho:YAG or XeCl 
excimer laser to a control sham thoracotomy. Using dobuta-
mine stress echocardiography and PET scanning, they 
reported signifi cantly improved neovascularization, perfu-
sion, and function following CO 2  or Ho:YAG treatment. 
None of these chances were seen with the XeCl laser TMLR 
or the sham thoracotomy. Improved cardiac function and 
perfusion with the CO 2  laser has also been demonstrated in 
other studies using a variety of imaging techniques including 
isotope nuclear scanning [ 37 ,  44 ,  45 ], PET scanning [ 50 ], 
dobutamine stress echocardiography [ 54 ] and contrast 
enhanced magnetic resonance imaging [ 55 ]. On the other 
hand, randomized trials using Ho:YAG laser failed to show 
improved perfusion [ 43 ,  46 ,  48 ].   

    Percutaneous Myocardial Laser 
Revascularization 

 Myocardial laser revascularization has been performed via 
thoracoscopy [ 35 ,  37 – 48 ], sternotomy [ 66 – 70 ], thoracoscop-
ically [ 36 ], and also percutaneously [ 106 – 110 ]. Percutaneous 
myocardial laser revascularization (PMLR) was performed 
using a fl exible optical fi ber to reach the left ventricle cavity 
via a peripheral artery. The laser of choice was the Ho:YAG 
laser because it could be delivered through the optic fi ber, 
unlike the CO 2  laser. Even with the use of electromechanical 
mapping to verify the position of the fi ber and the creation of 
the channel, the results from PMR have been less favorable 
than those seen with TMLR. In a randomized, blinded trial, 
Stone et al. [ 109 ] performed PCI to patients suffering from 
class III or IV angina, and if the procedure was unsuccessful 
and uncomplicated, the patient was randomized to either 
PMLR plus MM or to MM only. The patients were blinded 
to the procedure being performed through heavy sedation 
and dark goggles, and remained blinded during the follow-
 up period. At 6 months there was no statistically signifi cant 
improvement in angina, exercise tolerance or mortality. 
Another study randomized and blinded 298 patients to low 
or high dose laser revascularization or a sham procedure 
[ 110 ]. The results showed no difference between the three 
groups in terms of angina class, exercise duration, or myo-
cardial perfusion. 

 The failure of PMLR to achieve the same results as TMLR 
may be due to several important limitations. The fi rst of these 
is the diffi culty to create channels in an exact location and 
with the desired distribution from inside a moving ventricle. 
Secondly, channels created percutaneously have a maximum 
estimated depth of 6 mm, which is not enough to achieve 
transmural ablation, as with TMLR. Finally, there are limita-
tions of the Ho:YAG laser, which has proven less effi cient 

than the CO 2  laser for TMLR. As a result of these limitations 
and the unsatisfactory trial results, the FDA has deemed 
PMLR unapprovable.  

    Future Uses of TMLR 

 TMLR has also been performed in combination with other 
innovating methods of promoting angiogenesis. Experimental 
work investigating the use of TMLR in combination with 
gene therapy has shown promising results [ 111 – 114 ]. The 
use of endothelial or fi broblast growth factors was associated 
with increased angiogenesis and, perhaps more importantly, 
improvement of cardiac function versus laser therapy alone. 
Benefi cial results have also been reported for TMLR coupled 
with stem cell-based therapies, experimentally and clinically 
[ 115 – 119 ].  

    Conclusions 

 Cardiac surgeons are increasingly faced with more com-
plex cases of patients suffering from diffuse coronary 
artery disease not amendable to classical revasculariza-
tion methods. Concordant results from multiple random-
ized trials and long-term follow-up studies have validated 
the safety, effectiveness, and substantially improved 
health outcomes of TMLR for the treatment of selected 
patients with severe refractory angina. It is also impera-
tive that research continues to elucidate the infl uence of 
laser parameters on the mechanism and outcomes of 
TMLR, as well as the adjuvant gene or stem cell 
therapies.     
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            Introduction 

 Cardiovascular disease is the leading cause of death in Western 
countries. In 2007, almost eight million individuals were 
affected by acute myocardial infarction (AMI). Clinically 
the goal is to re-establish blood fl ow to the ischemic area as 
quickly as possible to salvage cardiomyocytes that would be 
damaged by ischemia. While reperfusion is necessary for tis-
sue survival, it is worth noting that reperfusion itself can also 
cause tissue damage, termed “reperfusion injury”. As more 
tissue is irreversibly injured, the prognosis becomes worse 

because terminally differentiated cardiac myocytes cannot 
regenerate. Loss of contractile mass puts an inordinate load 
on surviving tissue thereby causing the remaining cells to 
enlarge and results in hypertrophy and adverse remodeling 
of the ventricle ending ultimately in heart failure. Therefore, 
strategies that would render heart cells resistant to death from 
ischemia/reperfusion injury would greatly improve the prog-
nosis of AMI. Since the 1970s, virtually hundreds of direct 
cardioprotective therapies have been claimed to reduce myo-
cardial infarct size in experimental animals. However, only 
a few of them have been reproducible, and none has been 
translated into clinical therapies [ 1 ]. As a result, after invest-
ing an enormous amount of time, money, and resources into 
the search for cardioprotective therapies, we still do not have 
a drug that has been specifi cally approved for the reduction of 
infarct size in patients with AMI.  

    Transmyocardial Revascularization 

 The concept of improving blood fl ow using myocardial chan-
nels was fi rst introduced by Sen et al. [ 2 ]. Laser transmyocar-
dial revascularization, a procedure originally intended to 
simulate the perfusion mechanism of the reptilian heart, has 
evolved into an effective treatment for angina when tradi-
tional revascularization is not an option. Percutaneous myo-
cardial revascularization is a less-invasive catheter-based 
procedure that has been adapted from trans- myocardial laser 
revascularization. This technique can also be applied percuta-
neously [percutaneous myocardial revascularization (PMR) 
or direct myocardial revascularization (DMR)]. TMR was 
fi rst introduced by Mirhoscini et al. [ 3 ] by making channels 
directly through the LV wall using laser energy via a left ante-
rior thoracotomy approach. The idea behind the development 
of TMR was that the oxygenated blood could fl ow directly 
from the LV and perfuse the myocardium. Thereafter, it was 
anticipated that such artifi cially created channels would 
remain patent. Unlike standard revascularization techniques 
(CABG or PCI), there is  probably no immediate revascular-
ization benefi t achieved by TMR. It has also been demonstrated 
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that these channels occlude soon after their creation, with no 
demonstrable direct camerosinusoidal blood fl ow on long-
term follow-up [ 4 ,  5 ] Clinically, numerous reports of reduc-
tion in frequency and severity of anginal symptoms, improved 
exercise tolerance and quality of life have appeared from non-
blind registry- type studies as well as non-blind randomized 
clinical trials of TMR or TMR versus continued medical ther-
apy. TMR was not associated with a signifi cant improvement 
in survival compared with the medical therapy alone in ran-
domized trials. However, improvements in angina stages, 
quality of life, and perfusion of the myocardium have been 
demonstrated with TMR [ 6 ]. In fact, over 50,000 procedures 
have been performed worldwide using TMR. More recent 
work has shown that the combination of cell therapy and 
TMR facilitate mesenchymal stem cell(MSC) engraftment in 
rat hearts, with associated increase in the expression of stem 
cell factor, stromal derived factor-1, c-kit, and chemokine 
receptor type 4 [ 7 ,  8 ]. Clinical studies of MSCs plus TMR 
include individual case reports or series of patients with 
angina refractory to CABG or percutaneous coronary inter-
vention. All of these studies demonstrated that injection of 
stem cells in addition to TMR was safe and showed an 
improvement in angina class. Several studies showed some 
evidence of improvement in perfusion and left ventricular 
contractility [ 9 – 11 ]. 

 Currently, there are two laser devices approved by the US 
Food and Drug Administration for TMR – holmium:yttrium–
aluminum–garnet and CO 2 . The two devices differ in regard 
to energy outputs, wavelengths, ability to synchronize with 
the heart cycle, and laser–tissue interactions. These differ-
ences have led to studies showing different effi cacies 
between the two laser devices [ 6 ]. 

 Animal studies have shown that TMR reduces infarct 
size, preserve contractile function [ 12 ], stimulate angiogen-
esis [ 13 ,  14 ] and denervate the myocardium [ 15 ]. Positron 
emission tomography (PET) imaging of sympathetic inner-
vation of the heart using  11 C-hydroxyephedrine (HED) 
showed marked increases in HED defects after TMR, consis-
tent with sympathetic denervation [ 16 ]. This function may 
be important in explaining its anti-anginal effect. In addition, 
the injury produced by laser energy may result in the elabo-
ration of vascular growth factors that stimulate angiogenesis 
and neovascularization in ischemic myocardial tissue fol-
lowing TMR [ 17 ]. The early improvement may be related to 
myocardial denervation whereas later improvement could be 
mediated by the angiogenic effect of TMR.  

    Myocardial Preconditioning –Basic Concepts 

 In 1986, Murry, Jennings and Reimer [ 18 ] discovered that if 
the prolonged ischemia was preceded by four brief episodes 
of 5 min of ischemia each followed by 5 min of reperfusion, 

the infarct size was reduced to only 25 % of that in the control 
group. This phenomenon was termed ischemic precondition-
ing (IPC). IPC causes two phases of protection. The fi rst phase, 
termed “early” or “fi rst window” IPC, protects the heart for 
an hour or two and then wanes; the second phase, “delayed” 
or “late” IPC or “second window of protection” (SWOP), 
appears 24 h after the IPC protocol and can last for 3 days. 
Unlike previously reported interventions, IPC was shown to 
be highly reproducible phenomenon [ 19 ,  20 ]. Subsequently, 
this powerful protective function of IPC was shown to occur 
in all species tested including the mouse, rat, rabbit, feline, 
canine, sheep, monkey and even human hearts. Although IPC 
is not amenable for treating AMI since those patients are pres-
ent with ischemia already in progress, its discovery proved 
once and for all that myocardial protection was possible [ 21 ]. 
Besides the short episodes of ischemia, IPC was shown to 
be triggered by a number of other cellular stresses includ-
ing the reversible ischemia, heat stress, ventricular pacing, 
or exercise (reviewed in [ 22 ,  23 ]). These non-lethal stresses 
cause release of chemical signals [nitric oxide (NO), reac-
tive oxygen species (ROS), adenosine, and possibly opioid 
receptor agonists] that serve as triggers for the development 
of late PC as outlined in Fig.  22.1 . These substances activate 
a complex signal transduction cascade that includes protein 
kinase C (PKC; specifi cally, the -isoform), protein tyrosine 
kinases (specifi cally, Src and/or Lck), and probably other as 
yet unknown kinases. A similar activation of PKC and down-
stream kinases can be elicited pharmacologically by a wide 
variety of agents, including naturally occurring—and often 
noxious—substances (e.g., endotoxin, interleukin-1, TNF- α , 
TNF-β, leukemia inhibitor factor, or ROS), as well as clini-
cally applicable drugs including the NO donors, adenosine A1 
or A3 receptor agonists, endotoxin derivatives, or δ1-opioid 
receptor agonists. The recruitment of PKC and distal kinases 
leads to activation of NF-κB and other transcription factors, 
resulting in increased transcription of multiple cardioprotec-
tive genes and synthesis of multiple of redundancy cardio-
protective proteins that serve as comediators of protection 
for 2–4 days after the IPC stimulus. The mediators of late 
PC identifi ed thus far include inducible nitric oxide synthase 
(iNOS), cyclooxygenase (COX)-2, heme oxygenase (HO)-
1, SOD, and heat shock proteins. Opening of ATP- sensitive 
K +  (K ATP ) channels is also essential for the protection against 
infarction to become manifest (reviewed in [ 24 ]).

   Generation of ROS plays an essential role in the protec-
tive mechanism of IPC. Murry et al. [ 25 ] had proposed that 
ROS signaling might be involved in IPC because the 
 intravenous administration of the free radical scavengers 
including superoxide dismutase and catalase abolished IPC 
with ischemia in some, but not all, of their dog hearts. IPC’s 
protection was also shown to be mimicked by transient expo-
sure to an oxygen radical generating system, and, conversely, 
a ROS scavenger abolished protection from IPC [ 26 ,  27 ]. 
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MPG(2- Mercaptopropionylglycine), is a cell-permeant ROS 
scavenger. It has been reported that MPG does not scavenge 
either superoxide or hydrogen peroxide [ 28 ] appears to scav-
enge both peroxynitrite (a product of superoxide and nitric 
oxide interaction) and hydroxyl radical. By administering 
MPG during either the ischemic or the reperfusion phases of 
IPC, it was shown that the protective redox signaling 
occurred when oxygen is reintroduced following the brief 
occlusion [ 29 ].  

    Transmyocardial Revascularization 
and Myocardial Preconditioning 

 It has been suggested that laser phototherapy causes accumu-
lation of safe levels of ROS, which may potentially trigger 
protective signaling leading to accelerated healing [ 30 ]. 
Considering the essential role of ROS in IPC as discussed 
above [ 26 ,  27 ,  29 ], we hypothesized that laser treatment could 

potentially induce cardioprotection via generation of ROS 
following exposure to the laser energy by TMR. The studies 
were performed in a rabbit model of myocardial ischemia/
reperfusion injury as described previously [ 31 – 33 ]. After the 
rabbits were anesthetized with ketamine HCl (35 mg/kg) and 
xylazine (5 mg/kg), a left thoracotomy was performed to 
expose the heart. Myocardial ischemia was induced by occlu-
sion of coronary artery for 30 min, followed by reperfusion 
for 3 h. Laser treatment was given through Xenon chloride 
excimer laser generator at 308-nm wavelength, pulse duration 
135 ns, output 200 mJ/pulse. Energy was delivered via a 
0.9 mm catheter. Lasing parameters were set at a fl uence of 
30 mJ/mm 2  and 25 Hz. In the treatment group, laser was given 
directly though myocardium to create approximately 15 small 
channels along the LAD artery territory in each animal. 
Another group received MPG by intravenous infusion start-
ing 15 min prior to and continued through 15 min after the 
laser treatment. Sham group of rabbits were subjected to the 
identical procedure without the laser delivery. After 30 min 
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  Fig. 22.1    Schematic representation of the mechanism of myocardial 
preconditioning. Non-lethal cellular stresses such as reversible isch-
emia, heat stress, hypoxia, exercise and drugs including endotoxin 
cause release of chemical signals including the nitric oxide (NO), reac-
tive oxygen species (ROS), adenosine, and possibly opioid receptor 
agonists. These substances trigger signal transduction cascade that 
includes activation of protein kinase C, protein tyrosine kinases and 
probably other as yet unknown kinases. The PKC and other kinases 
activate transcription factors including AP1, NF-κB, hypoxia inducible 

factor 1α (HIF1α) and STAT3 which have a role in increased transcrip-
tion of multiple cardioprotective genes including inducible nitric oxide 
synthase (iNOS), cyclooxygenase (COX)-2, heme oxygenase (HO)-1, 
superoxide dismutase (SOD) and heat shock protein 70 (HSP70). These 
proteins have been implicated in the late phase of preconditioning. 
Opening of mitochondrial ATP-sensitive K +  (mitoK ATP ) channels is also 
essential for the protection against infarction during early and late 
phase of preconditioning       
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(for early phase) and 24 h (for late phase and MPG-group) of 
laser treatment, the animals were subjected to 30 min of isch-
emia followed by 3 h of reperfusion. After completion of 
ischemia-reperfusion protocol, 500 IU of heparin were 
injected and the heart was quickly removed and mounted on 
a Langendorff apparatus. The coronary arteries were perfused 
with 0.9 % NaCl containing 2.5 mM CaCl 2 . After the blood 
was washed out, the ligation around the coronary artery was 
retightened and ∼ 2 ml of 10 % Evans blue dye were injected 
as a bolus into the aorta until most of the heart turned blue. 
The heart was perfused with saline to wash out the excess 
Evans blue. Finally, the heart was removed, frozen, and cut 
into 8–10 transverse slices from apex to base of equal thick-
ness (∼1 mm). The slices were then incubated in a 1 % triphe-
nyltetrazolium chloride solution in an isotonic phosphate 
buffer (pH 7.4) at 37 °C for 30 min. The areas of infarcted 
tissue, the risk zone, and the whole left ventricle were deter-
mined by computer morphometry using a Bioquant imaging 
software. Infarct size was expressed as a percentage of isch-
emic risk area. Total pulses delivered and time of laser treat-
ment were identical in all groups. Compared with sham 
surgery, laser treatment signifi cantly decreased infarct size 
from 51.5 ± 3.3 % to 36.5 ± 4.3 % in early phase and from 
52.6 ± 3.29 % to 31.8 ± 1.65 % in late phase (mean ± SE, n = 6/
group, Fig.  22.2 ). Interestingly, MPG completely blocked the 
late protective effect of the laser treatment as demonstrated by 
signifi cant increase in infarct size from 31.8 ± 1.7 % to 
54.2 ± 4.9 %. There was no signifi cant difference in risk areas 
in all groups (not shown). Laser and MPG did not have any 
effect on hemodynamics compared with sham (not shown). 
These data suggest that direct myocardial laser treatment 

induces early and late cardioprotective effect which is medi-
ated by generation of ROS from the laser energy.

   It is interesting that laser treatment caused signifi cant 
reduction in infarct size both immediately (early) and after 
24 h of laser treatment which appears to be similar to the 
effects of the dynamics of IPC induced by short episodes of 
ischemia. It is not clear how long is the protective effect 
of laser-induced preconditioning persists. However, the degree 
of infarct size reduction with laser treatment, particularly dur-
ing early phase is lower as compared to previously reported 
infarct size following IPC [ 34 ]. The blockade of cardioprotec-
tion with MPG suggests that ROS generated, or the generated 
ROS immediately following laser treatment in the myocar-
dium could trigger signaling event that lead to reduction of 
infarct size during early and late phase of IPC. ROS are gener-
ated not only as by-products of mitochondrial metabolism but 
also by a variety of cellular enzyme systems, including nico-
tinamide adenine dinucleotide phosphate (NADPH) oxidase 
(NOX), uncoupled endothelial nitric oxide synthase (eNOS), 
xanthine oxidase, and arachidonic acid–metabolizing enzymes 
[ 35 ,  36 ]. When cellular production of ROS exceeds the anti-
oxidant capacity of cardiovascular cells, proteins, lipids, and 
nucleic acids become damaged and may eventually contribute 
to the development of cardiovascular diseases such as athero-
sclerosis, hypertension, diabetic cardiovascular complications, 
and ischemic/reperfusion injury. Conversely, low concentra-
tions of ROS play a critical role in regulating cardiovascular 
functions such as angiogenesis and tissue repair [ 37 – 39 ]. ROS 
are required for vascular endothelial growth factor (VEGF)–
induced endothelial migration, proliferation, and tube forma-
tion [ 40 ,  41 ]. During ischemia/ reperfusion, ROS generation 
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  Fig. 22.2    Effect of transmyocardial revascularization on myocardial 
infarct size following ischemia/reperfusion: Infarct size (expressed as 
percentage of area at risk) during early phase and late phase of cardio-
protection with  transmyocardial Revascularization  ( TMR ) in rabbits. 
After anesthetization, a left thoracotomy was performed to expose the 
heart. Laser treatment was given through Xenon chloride excimer laser 
generator at 308-nm wavelength, pulse duration 135 ns, output 200 mJ/
pulse. Energy was delivered via a 0.9 mm catheter. In the treatment 
group, laser was given directly though myocardium to create 

approximately 15 small channels along the LAD artery territory in each 
animal. Another group received 2-Mercaptopropionylglycine ( MPG , 
50 mg/kg) by intravenous infusion starting 15 min prior to and contin-
ued through 15 min after the laser treatment. Sham ( control ) group of 
rabbits were subjected to the identical procedure without the laser deliv-
ery. After 30 min (for early phase) and 24 h (for late phase and MPG-
group) of laser treatment, the animals were subjected to 30 min of 
ischemia followed by 3 h of reperfusion (N = 6/group)       
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promotes capillary tube formation in human microvascular 
endothelial cells [ 40 ,  42 ] and the heart [ 43 ] whereas, inhibit-
ing ROS through treatment with antioxidants or superoxide 
dismutases blocks vascularization and growth of tumors. The 
precise molecular mechanisms, however, by which ROS 
mediate angiogenic responses are incompletely understood. 
ROS are second messengers of preconditioning and have long 
been known to be required for cardioprotective signaling as 
discussed above. The mechanism of increased ROS is reason-
ably well understood: signaling from the plasma membrane 
leads to opening of the mitochondrial ATP-sensitive K +  chan-
nel (mitoK ATP ) [ 44 ], and the increased K +  infl ux into the matrix 
causes an increase in ROS, which derive during normoxia 
from complex I of the respiratory chain [ 45 ]. Although not 
studied in our current experiments, it is likely that opening of 
mitoK ATP  channels are possibly the downstream mediators of 
cardioprotection with the laser treatment [ 46 ].  

    Conclusions 

 TMR is a surgical procedure that has been shown to pro-
vide angina relief to patients with diffuse coronary dis-
ease. Most commonly accepted mechanism for the 
benefi cial effects involves myocardial angiogenesis that 
ultimately leads to increased perfusion. In the present 
study, for the fi rst time we have demonstrated that TMR 
also triggers cardioprotective effect similar to IPC which 
was responsible for signifi cant reduction of infarct size 
both acutely as well as 24 h after laser treatment in rab-
bits. Interestingly, such infarct limiting effect was abol-
ished when rabbits were treated with MPG suggesting 
that ROS are important triggers of cardioprotection. 
Further studies are necessary to delineate the downstream 
signaling targets of ROS. In particular, it would be inter-
esting to study the expression of cardioprotective proteins 
including the antioxidants enzymes including such as 
superoxide dismutase, HSP70 [ 47 – 49 ] or the nitric oxide 
synthase [ 50 – 54 ] that have been implicated in the devel-
opment of late phase of IPC [ 24 ,  33 ,  55 ]. These studies 
may help in expanding our current understanding of the 
mechanisms by which TMR provides relief from angina.     
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Transmyocardial Revascularization 
Using CO2 Lasers in Ischemic Heart 
Disease

Andrew C.W. Baldwin and O.H. Frazier

 Introduction

Although the modern armamentarium for the treatment of 
coronary artery disease (CAD) includes ever-improving 
medical therapies, percutaneous coronary interventions 
(PCI), and coronary artery bypass graft operations (CABG), 
these modalities are not always sufficient for the treatment of 
advanced disease. Indeed, the number of patients with symp-
tomatic chronic disease not amenable to intervention contin-
ues to rise, likely because of advances in medical therapy for 
acute heart disease. As many as 1 in 4 patients undergoing 
CABG are incompletely revascularized due to poor distal 
coronary targets—a significant predictor of poor periopera-
tive outcomes [1–3]. As a result, researchers have long 
sought to develop alternative strategies to traditional revas-
cularization techniques. In the 1990s, transmyocardial laser 
revascularization (TMLR) emerged as an effective treatment 
modality for patients with severe CAD not amenable to con-
ventional therapy. Although the proposed mechanisms of 
reperfusion and the perceived effects of TMLR remain 
unclear, laser therapy can significantly improve angina 
symptoms in selected patient groups, and it is an important 
therapeutic option for the treatment of CAD.

 History

The original rationale for the development of TMLR was 
based on the hypothesis that myocardial channels could 
allow delivery of oxygenated blood from the left ventricle 
into the muscle wall via myocardial sinusoidal plexuses. 
Whereas the existence of ventricular communication with 

the surrounding vasculature was suggested as early as the 
eighteenth century, anatomical evidence for the existence of 
myocardial sinusoids was first reported by Joseph Wearn in 
1933 [4, 5]. Although critics later claimed that these chan-
nels were a misinterpreted dehydration artifact, their pres-
ence was reminiscent of reptilian anatomy, which permits a 
substantial degree of myocardial perfusion directly from the 
left ventricle [6].

Surgical attempts to exploit this physiologic irregularity 
were developed over the ensuing decades. In 1955, Claude 
Beck reported relief of angina after performing experimental 
epicardial omentopexy, pericardiopexy, and inflammatory 
poudrage to enhance the surrounding vascularity [7]. 
Simultaneous research efforts led to the suggestion that natu-
ral or artificial conduits could potentially be developed to 
shunt blood from the left ventricle to the subendocardium 
[8, 9]. In adopting these theories, Profulla Sen, a pioneer of 
cardiothoracic surgery in India, has been credited with intro-
ducing the foundations of modern TMLR in 1965 by using a 
16-gauge cannula to perform cardiac acupuncture and 
thereby establish direct perfusion of the myocardium [6, 10]. 
Hans Georg Borst later built upon this concept by implanting 
hollow tubes to assist myocardial perfusion, but his clinical 
success was limited [11]. In the 1970s, the widespread adop-
tion of CABG for the treatment of CAD temporarily damp-
ened interest in alternative revascularization methods.

Early efforts to establish direct myocardial revasculariza-
tion techniques were limited by poor long-term patency, 
largely attributed to excessive tissue trauma. The emergence 
of laser technology in the 1980s led to landmark studies by 
Mahmood Mirhoseini [12] (in animals) and Masayoshi 
Okada [13] (in humans), who were the first to demonstrate 
the value of lasers for myocardial revascularization. Initial 
studies focused on lasers as adjunctive tools during 
CABG. Due to the limited peak energy outputs produced by 
early devices (restricted to 80 W) intraoperative cardiac 
arrest was typically required to provide sufficient time to 
bore transmural channels [14]. Technological advancements 
ultimately led to the development of lasers capable of 
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 producing 800 W and creating transmural channels on the 
beating heart, thus expanding the clinical expediency of the 
procedure [15]. A series of investigational studies subse-
quently revealed the utility of TMLR as sole therapy for 
CAD. In 1998, the technology was approved by the United 
States Food and Drug Administration for use in patients oth-
erwise deemed ineligible for traditional therapy [16, 17].

 Laser Types

In addition to laser technology, multiple alternative tech-
niques for transmyocardial revascularization were proposed, 
ranging from needle-based cauterization to cryogenic abla-
tion and from focused ultrasonography to radiofrequency tar-
geting [18–22]. None of these methods produced results 
comparable to those of laser technology. Various types and 
wavelengths of lasers were also tried, including carbon diox-
ide (CO2), xenon chloride, and crystalized yttrium-aluminum- 
garnet (YAG) based devices [23–25]. Of the available options, 
only CO2 and holmium-YAG (Ho:YAG) lasers have seen 
extensive clinical application, with the contents of this chap-
ter specifically dedicated to the discussion of CO2 Lasers.

With an infrared wavelength of 10.6 μm, CO2 lasers trans-
mit energy via thermal dissipation after the wavelength is 
absorbed by water molecules within the tissue. In contrast 
with Ho:YAG devices, CO2 lasers use relatively high energy 
levels (typically 20 J) and require only a single 30–40–ms 
pulse to produce transmural channels (Fig. 23.1). The higher 
energy levels permitted with CO2 lasers reduce structural 
trauma to the surrounding tissues, as shorter pulse durations 
minimize the accumulation of explosive thermal pressures 
[26]. Additionally, the CO2 laser is designed to fire synchro-
nously with the electrocardiographic R wave, thereby mini-
mizing the risk of arrhythmogenic complications seen with 
Ho:YAG laser firings [27]. The laser system consists of a free-
standing console with disposable sterile handpieces (Fig. 23.2).

 Mechanisms of Action

Whereas the origins of TMLR were based upon anatomic 
hypotheses regarding collateral sources for myocardial per-
fusion, the true mechanism by which TMLR provides a ther-
apeutic effect has been an area of considerable controversy. 
Several theories have been proposed to establish a causal 

Fig. 23.1 Time-lapse photography showing a single CO2 laser pulse in water (Reprinted with permission from Horvath and Zhou [78])
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relationship between the drilling of laser channels and the 
symptomatic improvements documented in many patients. 
The evidence appears to favor certain mechanisms over oth-
ers, but it is likely that a combination of factors collectively 
produce the observed results.

 Channel Patency

The original intent of TMLR was to establish direct channels 
from the left ventricular lumen that were capable of deliver-
ing oxygenated blood to the myocardium. Early clinical and 
experimental studies revealed some evidence of long-term 
patency [28]. However, a number of dissenting researchers 
argued instead that the channels underwent deterioration and 

thrombosis within a period of weeks [29, 30]. Nevertheless, 
patent channels have been observed with high-resolution 
contrast echocardiography [31]. Investigators using posi-
tron emission tomography (PET) and thallium single-pho-
ton emission tomography (TI:SPECT) have demonstrated 
a significant increase in subendocardial blood flow in the 
months after TMLR [16, 32]. Unfortunately, the prohibitive 
costs of these imaging modalities have limited their use, and 
enhanced perfusion does not prove channel patency. Whereas 
some channels may indeed remain patent, the general scien-
tific consensus has moved away from the reptilian model of 
direct ventricular perfusion as the principal mechanism by 
which TMLR exerts its symptomatic benefits. Rather, drill-
ing of the channels may indirectly lead to other tissue altera-
tions responsible for the perceived effects.

 Denervation

An alternative proposal for the mechanism of symptom relief 
after TMLR is the destruction of sympathetic nerve fibers 
leading to relief of angina. The nervous system of the heart is 
complex and incorporates an interwoven network of intrinsic 
and extrinsic neuronal components, making identification of 
specific disruptions to neural pathways quite difficult. 
However, experimental studies using Ho:YAG lasers have 
shown sympathetic denervation through a decreased response 
to epicardial bradykinin in animal models [33]. Reflecting the 
complexity of interpreting cardiac neuronal responses, other 
studies have failed to reveal significant changes in sympathetic 
reflexes after laser treatment [34, 35]. Regardless of the diffi-
culty in pinpointing the neurologic mechanism involved, clini-
cal studies utilizing postoperative PET imaging have revealed 
evidence of sympathetic denervation in patients treated with 
Ho:YAG lasers [36]. Although this finding has not yet been 
reproduced with CO2 devices—which are associated with sig-
nificantly less tissue destruction—evidence does suggest that 
some degree of neurologic disruption is associated with 
TMLR treatment and may contribute to symptom relief.

 Angiogenesis

Angiogenesis has emerged as the most commonly cited 
mechanism for explaining the clinical efficacy of TMLR. The 
development of new blood vessels to feed the myocardium 
provides an explanation not only for the improvement in 
symptoms after laser therapy but also the enhanced blood 
flow seen on PET imaging in treated patients. In support of 
this argument, a host of animal studies have shown a dra-
matic increase in capillary density and histologic neovascu-
larization after laser treatment [37–40]. Early investigations 
concerning the effects of laser irradiation on human tissues 

Fig. 23.2 Mobile console for the CO2 HEART LASER system. 
Disposable hand pieces allow sterile manipulation of the laser arm by 
the surgeon (Reprinted with permission from Novadaq Technologies, 
Inc., Bonita Springs, Florida)
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revealed the production of heat-shock proteins and oxygen 
free radicals known to possess angiogenic properties [41]. 
More recently, studies have shown the upregulation and 
expression of various molecular regulators of neovascular-
ization after TMLR, including vascular endothelial growth 
factor, fibroblast growth factor 2, and matrix metalloprotein-
ases [42–44]. Whereas neovascularization has been shown to 
be a rather nonspecific reaction to tissue injury, high-energy 
laser pulses appear to produce a robust angiogenic response 
without significant scar formation or damage to the sur-
rounding tissues [45–47].

 Operative Technique

TMLR may be performed as sole therapy or concomitantly 
with CABG (with or without cardiopulmonary bypass). 
Because the majority of candidates have a lengthy history of 
refractory CAD often involving previous surgery, it is not 
uncommon to encounter significant adhesions upon reopera-
tion. Whereas TMLR as sole therapy is most commonly per-
formed through a left anterior thoracotomy, the procedure 
also has been performed via median sternotomy and thoraco-
scopic approaches [48, 49]. To assist with entrance into the 
thoracic cavity, general anesthesia is typically used, with 
single-lung ventilation achieved through the placement of a 
double-lumen endotracheal tube or a bronchial blocker. 
Intraoperative transesophageal echocardiography (TEE) is 
essential, both to monitor cardiac function and to confirm 
penetration of the endocardium by the laser.

The patient may be placed in the right lateral decubitus 
position or supine with a roll placed under the left side of the 
chest. The left groin is exposed for access should cardiopul-
monary bypass or intraaortic balloon pump support be 
required. An anterolateral thoracotomy is performed through 
the fifth intercostal space, and the ribs are spread by using a 
ratcheting self-retaining retractor. On occasion, inadequate 
exposure may be improved by shingling the head of the 6th 
rib to widen the intercostal aperture. Dissection within the 
chest is frequently complicated by the presence of intratho-
racic adhesions, and great care must be taken to avoid previ-
ous bypass grafts, friable lung tissue, and the phrenic nerve. 
Access to the heart is gained through a longitudinal incision 
along the pericardium anterior to the course of the phrenic 
nerve. If present, epicardial adhesions must be carefully 
released to allow mobilization of the heart. The left anterior 
descending artery is used as an anatomical landmark to iden-
tify territories selected for revascularization.

All operating-room personnel should wear protective eye-
wear while the laser is in use. After the predetermined treat-
ment zone has been identified, the surgeon creates channels 
by firing the laser every centimeter in a longitudinal fashion 
from the base of the heart toward the apex (Fig. 23.3). 

Sequential rows of channels are formed as needed to cover 
the treatment area, and firings are minimized in areas of non-
viable scarring. By beginning each row along the base of the 
heart, one can minimize the amount of blood collected within 
the active laser field. With CO2 lasers, transmural channels 
are created by a single energy pulse. Transesophageal echo-
cardiography is used to monitor each pulse and confirm a 
characteristic acoustic effect indicating the vaporization of 
blood [50]. When the entire ischemic area has been treated, 
the pericardial space is irrigated with saline solution, and any 
persistent bleeding is controlled with a 6–0 polypropylene 
suture. Drains are placed within the pleura and pericardial 
space, and the thoracotomy is closed in a standard fashion.

 TMLR as Sole Therapy

In the 1990s, early small studies showed that TMLR could be 
used safely and effectively for patients with severe CAD not 
amenable to traditional intervention [16, 51]. The symptom 
relief observed in these early efforts quickly led to a series of 
large prospective, randomized, controlled trials comparing 
TMLR with standard medical therapy. Nearly 1000 patients 
were enrolled into 5 separate trials, the results of which were 
all reported within a 1-year period at the close of the decade 
[52–56]. Three of these studies involved only CO2 lasers, and 
the remainder were limited to evaluating the efficacy of 
Ho:YAG therapy. All of the studies involved similar patient 
populations and a minimum follow-up period of 12 months, 
with two groups completing long-term follow-up studies that 
reached 5 years [57, 58].

Fig. 23.3 Creation of a transmural channel using a single CO2 laser 
pulse (Reprinted with permission from Horvath and Zhou [78])
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A meta-analysis review revealed no statistically significant 
difference in 1-year survival for TMLR patients versus those 
undergoing medical therapy alone (survival rate, 84–95 % vs. 
79–96 %, respectively) [59]. Perioperative mortality rates 
were low (1–5 %) and were significantly affected by the 
severity of the patient’s preoperative clinical status. Similarly, 
long-term follow-up analyses revealed no statistically signifi-
cant difference in survival between the TMLR and medical 
arms at 5 years. The reported incidence of specific postopera-
tive complications—including myocardial infarction, heart 
failure, and arrhythmias—was lower after TMLR than that 
traditionally seen after reoperative CABG [60]. Procedure-
specific risks included pericardial tamponade and chordal 
damage, both of which were exceedingly rare.

Whereas mortality rates were largely equivalent, the ran-
domized studies reported consistent improvements in peri-
operative morbidity, hospital readmission rates, and quality 
of life among patients treated with TMLR. All patients con-
tinued to receive appropriate medical therapy throughout the 
study period, but TMLR patients experienced a significant 
reduction in the amount of medications required after 1 year. 
Moreover, 1-year hospitalization rates were significantly 
lower for laser-treated patients, and patients who had medi-
cal therapy alone were admitted to the hospital 4 times more 
often than were the laser patients within the first year. 
Additionally, each study documented significant improve-
ments in quality-of-life metrics for patients treated with 
TMLR, and these improvements were not similarly reflected 
in the medical group.

Relief from angina symptoms has consistently been the 
most prominent result of TMLR therapy. Angina classifica-
tion, as defined by the Canadian Cardiovascular Society 
grading scale, was used in all studies to compare symptoms 
before and after treatment. Although baseline characteristics 
were not standardized across all 5 trials, the majority of 
patients (69 %) were listed in class IV (severely limited; 
unable to perform any activity without angina, or symptoms 
at rest), and each study employed a blinded independent 
observer to perform symptomatic assessments. Overall, sig-
nificant symptomatic improvement was seen in all 5 trials, 
25–76 % of patients reaching the predetermined benchmark 
of angina improvement by two classifications (this goal was 
more easily reached by patients designated with severe base-
line symptoms). Significantly fewer patients in the medical 
cohort experienced a similar improvement in angina symp-
toms (Fig. 23.4). In long-term follow-up studies, the appar-
ent symptomatic advantage of TMLR therapy persisted, and 
at 5 years significantly more TMLR patients maintained an 
improved angina profile versus baseline profile [58].

As a result of these studies, the Society of Thoracic 
Surgeons developed a summary of consensus practice guide-
lines designed to standardize the use of TMLR as sole ther-
apy (Table 23.1) [61]. The level of evidence supporting these 

recommendations is categorized according to the standard 
American College of Cardiology and American Heart 
Association format, and it most strongly supports the use of 
TMLR in patients with severe angina, a preserved ejection 
fraction, and evidence of reversible ischemia not amenable 
to standard revascularization.

 TMLR as an Adjunct to CABG

The success of TMLR as sole therapy led to interest in evalu-
ating laser treatment as an adjunctive procedure during 
CABG. Anecdotal clinical experience with the concomitant 
procedures initially provided contradictory results, probably 
owing to the severity of diffuse coronary disease in many of 
the patients recommended for dual therapy [62, 63]. To eval-
uate the utility of this practice, 2 prospective randomized 
controlled trials were performed to evaluate the outcomes of 
CABG with concurrent TMLR versus CABG alone [64, 65].

Although baseline patient characteristics reflected a dif-
ference in the severity of clinical profiles between the two 
studies, both series revealed significantly better postopera-
tive outcomes after combined CABG plus TMLR than after 
CABG alone. Perioperative mortality rates, 30-day freedom 
from major adverse cardiac events, and 1-year Kaplan-Meier 
survival rates each reflected a significant benefit for concur-
rent TMLR. Additionally, postoperative inotropic support, 
intensive-care-unit times, and the index hospitalization 
length of stay were all significantly reduced in the combined 
procedure cohort. As seen in the sole therapy studies, patients 
treated with TMLR also had a statistically significant postop-
erative reduction in angina symptoms. Long-term follow-up 

100

90

80

44

72

13

TMLR
Mediacal therapy

25

4
0

Aaberge

%
 P

at
ie

nt
s 

w
ith

 2
-c

la
ss

 a
ng

in
a 

re
du

ct
io

n

Frazier Schofield

Randomized trial

70

60

50

40

30

20

10

0

Fig. 23.4 Summary of angina relief reported by randomized controlled 
trials utilizing CO2 lasers as sole therapy. The graph compares the per-
centage of patients reporting a reduction of 2 or more angina classes 
after laser revascularization (TMLR) or medical therapy (Reprinted 
with permission from Horvath and Zhou [78])
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studies suggest that this overall improvement is sustained 
and is characterized by a reduced New York Heart Association 
functional classification among patients treated with TMLR 
versus CABG alone [66]. Like the recommendations for sole 
therapy, practice guidelines for the use of TMLR in conjunc-
tion with CABG have been developed by the Society of 
Thoracic Surgeons and reflect the relative strength of sup-
porting evidence (Table 23.2).

 Percutaneous Laser Revascularization

To pursue increasingly minimally invasive treatment modali-
ties, researchers have sought to evaluate percutaneous myo-
cardial laser revascularization (PMLR) as a method of 
achieving results similar to those of external laser therapy. In 
PMLR, a catheter-based device is used to guide a laser fiber 

in retrograde fashion from a peripheral artery into the left 
ventricle. Small divots are then created in target areas of the 
subendocardium by using electromechanical mapping [67]. 
In several trials, investigators have attempted to reproduce 
the symptomatic benefits of TMLR by using a percutaneous 
approach, but patients were instead found to have less favor-
able outcomes than those undergoing either standard TMLR 
or concurrent percutaneous interventions [68–70]. 
Additionally, this technology was not applied to CO2 lasers 
and was limited to Ho:YAG delivery alone.

 Future Directions

In select high-risk patients for whom more extensive surgery 
may not be tolerated, TMLR represents a valuable option. 
For example, isolated reports have indicated a potential ben-

Table 23.1 Recommendations for transmyocardial laser revascularization as sole therapy

Class I

1. Patients with an ejection fraction greater than 0.30 and CCS class III or IV angina that is refractory to maximal medical therapy. These 
patients should have reversible ischemia of the left ventricular free wall and coronary artery disease corresponding to the regions of 
myocardial ischemia. In all regions of the myocardium, the coronary disease must not be amenable to CABG or PTCA either as a result of (1) 
severe diffuse disease, (2) lack of suitable targets for complete revascularization, or (3) lack of suitable conduits for complete revascularization 
(level of evidence: A)

Class IIB

1. Patients who otherwise have class I indications for TMLR but who have either:

  (a) Ejection fraction less than 0.30 with or without insertion of an intraaortic balloon pump (level of evidence: C)

  (b) Unstable angina or acute ischemia necessitating intravenous antianginal therapy (level of evidence: B)

  (c) Patients with class II angina (level of evidence: C)

Class III

1. Patients without angina or with class I angina (level of evidence: C)

2. Acute evolving myocardial infarction or recent transmural or nontransmural myocardial infarction (level of evidence: C)

3. Cardiogenic shock defined as a systolic blood pressure less than 80 mmHg or a cardiac index of less than 1.8 L · min−1 · min−2 (level of 
evidence: C)

4. Uncontrolled ventricular or supraventricular tachyarrhythmias (level of evidence: C)

5. Decompensated congestive heart failure (level of evidence: C)

Compiled from data presented in Bridges et al. [61]
CABG coronary artery bypass grafting, CCS Canadian Cardiovascular Society, PTCA percutaneous transluminal coronary angioplasty, 

TMLR transmyocardial laser revascularization

Table 23.2 Recommendations for transmyocardial laser revascularization as adjunct to coronary artery bypass grafting

Class IIA

1. Patients with angina (class I–IV) in whom CABG is the standard of care who also have at least one accessible and viable ischemic region 
with demonstrable coronary artery disease that cannot be bypassed either because of (1) severe diffuse disease, (2) lack of suitable targets for 
complete revascularization, or (3) lack of suitable conduits for complete revascularization (level of evidence: B)

Class IIB

1. Patients without angina in whom CABG is the standard of care who also have at least one accessible and viable ischemic region with 
demonstrable coronary artery disease that cannot be bypassed either because of (1) severe diffuse disease, (2) lack of suitable targets for 
complete revascularization, or (3) lack of suitable conduits for complete revascularization (level of evidence: C)

Class III

1. Patients in whom CABG is not the standard of care (level of evidence C)

Compiled from data presented in Bridges et al. [61]

CABG coronary artery bypass grafting
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efit for the use of TMLR in treating patients with diffuse 
transplant allograft atherosclerosis and reoperative patients 
of the Jehovah’s Witness faith [71, 72].

A number of recent studies have focused on the potential 
use of TMLR with adjuvant cell therapy for the stimulation 
of therapeutic angiogenesis. Animal studies have shown that 
the addition of laser therapy results in increased expression 
of specific angiogenic chemokines and growth factors [73, 
74]. Small clinical studies have shown the feasibility of com-
bined treatment with adjuvant therapy but have yet to estab-
lish proven benefits [75–77]. Targeted application of TMLR 
with specific stem cell lines is believed to have the potential 
for effective neovascularization and reperfusion of ischemic 
zones with subsequent clinical improvement, and active 
research efforts toward this end are ongoing.

Key Points

 1. Randomized controlled trials have shown that TMLR can 
provide significant relief of angina symptoms for patients 
with severe CAD otherwise not amenable to traditional 
therapy.

 2. Both Ho:YAG and CO2 lasers are approved by the US 
Food and Drug Administration for use in TMLR. CO2 
lasers require only a single pulse, may be used on the 
beating heart, and can be easily monitored via TEE dur-
ing application.

 3. To target areas not amenable to bypass and to provide 
more thorough revascularization, TMLR can be per-
formed concurrently with CABG. Again, studies have 
shown significant angina relief with this method versus 
CABG alone.

References

 1. Mannheimer C, Camici P, Chester MR, Collins A, DeJongste M, 
Eliasson T, Follath F, Hellemans I, Herlitz J, Luscher T, Pasic M,
Thelle D. The problem of chronic refractory angina; report from the 
ESC Joint Study Group on the Treatment of Refractory Angina. Eur 
Heart J. 2002;23:355–70.

 2. Osswald BR, Blackstone EH, Tochtermann U, Schweiger P, 
Thomas G, Vahl CF, Hagl S. Does the completeness of revascular-
ization affect early survival after coronary artery bypass grafting in 
elderly patients? Eur J Cardiothorac Surg. 2001;20:120–5, discus-
sion 125–126.

3. Weintraub WS, Jones EL, Craver JM, Guyton RA. Frequency of
repeat coronary bypass or coronary angioplasty after coronary 
artery bypass surgery using saphenous venous grafts. Am J Cardiol. 
1994;73:103–12.

 4. Thebesius AC. De circulo sanguinis in corde. Leiden: Apud 
Abrahamum Elzevier; 1708.

 5. Wearn JT, Mettier SR, Klumpp TG, Zschiesche LJ. The nature of 
the vascular communications between the coronary arteries and the 
chambers of the heart. Am Heart J. 1933;9:147–64.

 6. Sen PK, Udwadia TE, Kinare SG, Parulkar GB. Transmyocardial 
acupuncture: a new approach to myocardial revascularization. 
J Thorac Cardiovasc Surg. 1965;50:181–9.

 7. Beck CS, Leighninger DS. Scientific basis for the surgical treat-
ment of coronary artery disease. JAMA. 1955;159:1264–71.

8. Goldman A, Greenstone SM, Preuss FS, Strauss SH, Chang
ES. Experimental methods for producing a collateral circulation to 
the heart directly from the left ventricular. J Thorac Surg. 
1956;31:364–74.

 9. Massimo C, Boffi L. Myocardial revascularization by a new method 
of carrying blood directly from the left ventricular cavity into the 
coronary circulation. J Thorac Surg. 1957;34:257–64.

 10. Mittal CM. Profulla Kumar Sen: his contributions to cardiovascular 
surgery. Tex Heart Inst J. 2002;29:17–25.

 11. Walter P, Hundeshagen H, Borst HG. Treatment of acute myocar-
dial infarction by transmural blood supply from the ventricular cav-
ity. Eur Surg Res. 1971;3:130–8.

 12. Mirhoseini M, Muckerheide M, Cayton MM. Transventricular 
revascularization by laser. Lasers Surg Med. 1982;2:187–98.

 13. Okada M, Ikuta H, Shimizu K, Horii H, Nakamura K. Alternatives 
method of myocardial revascularization by laser: experimental and 
clinical study. Kobe J Med Sci. 1986;32:151–61.

 14. Mirhoseini M, Shelgikar S, Cayton MM. New concepts in revascu-
larization of the myocardium. Ann Thorac Surg. 1988;45:415–20.

 15. Mirhoseini M, Cayton MM, Shelgikar S. Transmyocardial laser 
revascularization. J Am Coll Cardiol. 1994;1A:484.

16. Frazier OH, Cooley DA, Kadipasaoglu KA, Pehlivanoglu S,
Lindenmeir M, Barasch E, Conger JL, Wilansky S, Moore 
WH. Myocardial revascularization with laser. Preliminary findings. 
Circulation. 1995;92:II58–65.

17. Josefson D. FDA approves heart laser treatment. BMJ.
1998;316:1409.

 18. Dietz U, Darius H, Eick O, Buerke M, Ed Odeh R. Transmyocardial 
revascularization using temperature controlled HF energy creates
reproducible intramyocardial channels. Circulation. 1998;98:3770.

 19. Khairy P, Dubuc M, Gallo R. Cryoapplication induces neovascular-
ization: a novel approach to percutaneous myocardial revascular-
ization. J Am Coll Cardiol. 2000;35:5A–6.

 20. Smith NB, Hynynen K. The feasibility of using focused ultrasound 
for transmyocardial revascularization. Ultrasound Med Biol. 
1998;24:1045–54.

 21. Whittaker P, Rakusan K, Kloner RA. Transmural channels can pro-
tect ischemic tissue. Assessment of long-term myocardial response 
to laser- and needle-made channels. Circulation. 1996;93:143–52.

 22. Yamamoto N, Gu A, DeRosa CM, Shimizu J, Zwas DR, Smith CR, 
Burkhoff D. Radio frequency transmyocardial revascularization 
enhances angiogenesis and causes myocardial denervation in 
canine model. Lasers Surg Med. 2000;27:18–28.

23. Genyk IA, Frenz M, Ott B, Walpoth BH, Schaffner T, Carrel
TP. Acute and chronic effects of transmyocardial laser revascular-
ization in the nonischemic pig myocardium by using three laser 
systems. Lasers Surg Med. 2000;27:438–50.

 24. Hughes GC, Kypson AP, Annex BH, Yin B, St Louis JD, Biswas SS, 
Coleman RE, DeGrado TR, Donovan CL, Landolfo KP, Lowe 
JE. Induction of angiogenesis after TMR: a comparison of holmium: 
YAG, CO2, and excimer lasers. Ann Thorac Surg. 2000;70:504–9.

 25. Jeevanandam V, Auteri JS, Oz MC, Watkins J, Rose EA, Smith 
CR. Myocardial revascularization by laser-induced channels. Surg 
Forum. 1994;41:225–7.

26. Kadipasaoglu KA, Frazier OH. Transmyocardial laser revascular-
ization: effect of laser parameters on tissue ablation and cardiac 
perfusion. Semin Thorac Cardiovasc Surg. 1999;11:4–11.

27. Kadipasaoglu KA, Sartori M, Masai T, Cihan HB, Clubb Jr FJ,
Conger JL, Frazier OH. Intraoperative arrhythmias and tissue dam-
age during transmyocardial laser revascularization. Ann Thorac 
Surg. 1999;67:423–31.

23 Transmyocardial Revascularization Using CO2 Lasers in Ischemic Heart Disease



318

28. Cooley DA, Frazier OH, Kadipasaoglu KA, Pehlivanoglu S,
Shannon RL, Angelini P. Transmyocardial laser revascularization. 
Anatomic evidence of long-term channel patency. Tex Heart Inst 
J. 1994;21:220–4.

29. Burkhoff D, Fisher PE, Apfelbaum M, Kohmoto T, DeRosa CM,
Smith CR. Histologic appearance of transmyocardial laser channels 
after 4 1/2 weeks. Ann Thorac Surg. 1996;61:1532–4; discussion 
1534–1535.

 30. Gassler N, Wintzer HO, Stubbe HM, Wullbrand A, Helmchen 
U. Transmyocardial laser revascularization. Histological features in 
human nonresponder myocardium. Circulation. 1997;95:371–5.

 31. Berwing K, Bauer EP, Strasser R, Klovekorn WP, Reuthebuch O, 
Bertschmann W. Functional evidence of long-term channel patency
after transmyocardial laser revascularization (abstract). Circulation. 
1997;96:I-564.

32. Cooley DA, Frazier OH, Kadipasaoglu KA, Lindenmeir MH,
Pehlivanoglu S, Kolff JW, Wilansky S, Moore WH. Transmyocardial 
laser revascularization: clinical experience with twelve-month 
follow- up. J Thorac Cardiovasc Surg. 1996;111:791–7;discussion 
797–799.

33. Kwong KF, Kanellopoulos GK, Nickols JC, Pogwizd SM, Saffitz
JE, Schuessler RB, Sundt 3rd TM. Transmyocardial laser treatment 
denervates canine myocardium. J Thorac Cardiovasc Surg. 
1997;114:883–9; discussion 889–890.

 34. Hirsch GM, Thompson GW, Arora RC, Hirsch KJ, Sullivan JA, 
Armour JA. Transmyocardial laser revascularization does not 
denervate the canine heart. Ann Thorac Surg. 1999;68:460–8; dis-
cussion 468–469.

 35. Minisi AJ, Topaz O, Quinn MS, Mohanty LB. Cardiac nociceptive 
reflexes after transmyocardial laser revascularization: implications 
for the neural hypothesis of angina relief. J Thorac Cardiovasc 
Surg. 2001;122:712–9.

36. Al-Sheikh T, Allen KB, Straka SP, Heimansohn DA, Fain RL,
Hutchins GD, Sawada SG, Zipes DP, Engelstein ED. Cardiac sym-
pathetic denervation after transmyocardial laser revascularization. 
Circulation. 1999;100:135–40.

 37. Hughes GC, Lowe JE, Kypson AP, St Louis JD, Pippen AM, Peters 
KG, Coleman RE, DeGrado TR, Donovan CL, Annex BH, Landolfo 
KP. Neovascularization after transmyocardial laser revasculariza-
tion in a model of chronic ischemia. Ann Thorac Surg. 
1998;66:2029–36.

38. Kohmoto T, Fisher PE, DeRosa C, Smith CR, Burkhoff D. Evidence
of angiogenesis in regions treated with transmyocardial laser revas-
cularization. Circulation. 1996;94:I-294.

 39. Malekan R, Reynolds CA, Kelly ST, Suzuki Y, Bridges 
CR. Angiogenesis in transmyocardial laser revascularization: a 
nonspecific response to injury. Circulation. 1997;96:I-483.

 40. Yamamoto N, Kohmoto T, Gu A, Derosa C, Smith CR, Burkhoff 
D. Transmyocardial revascularization enhances angiogenesis in a 
canine model of chronic ischemia. Circulation. 1997;96:I-563.

 41. Nakagawa K. Direct observation of laser generated free radicals 
from a myocardium target site. Free Radic Biol Med.
1992;12:241–2.

 42. Horvath KA, Chiu E, Maun DC, Lomasney JW, Greene R, Pearce 
WH, Fullerton DA. Up-regulation of vascular endothelial growth
factor mRNA and angiogenesis after transmyocardial laser revascu-
larization. Ann Thorac Surg. 1999;68:825–9.

 43. Li W, Chiba Y, Kimura T, Morioka K, Uesaka T, Ihaya A, Muraoka 
R. Transmyocardial laser revascularization induced angiogenesis 
correlated with the expression of matrix metalloproteinases and 
platelet-derived endothelial cell growth factor. Eur J Cardiothorac 
Surg. 2001;19:156–63.

 44. Pelletier MP, Giaid A, Sivaraman S, Dorfman J, Li CM, Philip A, 
Chiu RC. Angiogenesis and growth factor expression in a model of 
transmyocardial revascularization. Ann Thorac Surg. 
1998;66:12–8.

45. Chu VF, Giaid A, Kuang JQ, McGinn AN, Li CM, Pelletier MP,
Chiu RC. Thoracic Surgery Directors Association Award. 
Angiogenesis in transmyocardial revascularization: comparison of 
laser versus mechanical punctures. Ann Thorac Surg. 1999;68:301–
7; discussion 307–308.

 46. Horvath KA, Belkind N, Wu I, Greene R, Doukas J, Lomasney JW, 
McPherson DD, Fullerton DA. Functional comparison of trans-
myocardial revascularization by mechanical and laser means. Ann 
Thorac Surg. 2001;72:1997–2002.

 47. Malekan R, Reynolds C, Narula N, Kelley ST, Suzuki Y, Bridges 
CR. Angiogenesis in transmyocardial laser revascularization. A 
nonspecific response to injury. Circulation. 1998;98:II62–5; discus-
sion II66.

 48. Horvath KA. Thoracoscopic transmyocardial laser revasculariza-
tion. Ann Thorac Surg. 1998;65:1439–41.

 49. Saatvedt K, Dragsund M, Nordstrand K. Transmyocardial laser 
revascularization and coronary artery bypass grafting without car-
diopulmonary bypass. Ann Thorac Surg. 1996;62:323–4.

 50. Agarwal S, Kamath MV, Castresana MR. Transesophageal echo-
cardiography for transmyocardial laser revascularization. Anesth 
Analg. 2014;118:1146–9.

51. Horvath KA, Cohn LH, Cooley DA, Crew JR, Frazier OH, Griffith
BP, Kadipasaoglu K, Lansing A, Mannting F, March R, Mirhoseini
MR, Smith C. Transmyocardial laser revascularization: results of a 
multicenter trial with transmyocardial laser revascularization used 
as sole therapy for end-stage coronary artery disease. J Thorac 
Cardiovasc Surg. 1997;113:645–54.

 52. Aaberge L, Nordstrand K, Dragsund M, Saatvedt K, Endresen K, 
Golf S, Geiran O, Abdelnoor M, Forfang K. Transmyocardial revas-
cularization with CO2 laser in patients with refractory angina pec-
toris. Clinical results from the Norwegian randomized trial. J Am 
Coll Cardiol. 2000;35:1170–7.

53. Allen KB, Dowling RD, Fudge TL, Schoettle GP, Selinger SL,
Gangahar DM, Angell WW, Petracek MR, Shaar CJ, O’Neill 
WW. Comparison of transmyocardial revascularization with medi-
cal therapy in patients with refractory angina. N Engl J Med. 
1999;341:1029–36.

 54. Burkhoff D, Schmidt S, Schulman SP, Myers J, Resar J, Becker LC, 
Weiss J, Jones JW. Transmyocardial laser revascularisation com-
pared with continued medical therapy for treatment of refractory 
angina pectoris: a prospective randomised trial. ATLANTIC 
Investigators. Angina Treatments-Lasers and Normal Therapies in 
Comparison. Lancet. 1999;354:885–90.

55. Frazier OH, March RJ, Horvath KA. Transmyocardial revascular-
ization with a carbon dioxide laser in patients with end-stage coro-
nary artery disease. N Engl J Med. 1999;341:1021–8.

 56. Schofield PM, Sharples LD, Caine N, Burns S, Tait S, Wistow T, 
Buxton M, Wallwork J. Transmyocardial laser revascularisation in 
patients with refractory angina: a randomised controlled trial. 
Lancet. 1999;353:519–24.

 57. Aaberge L, Rootwelt K, Blomhoff S, Saatvedt K, Abdelnoor M, 
Forfang K. Continued symptomatic improvement three to five years
after transmyocardial revascularization with CO(2) laser: a late 
clinical follow-up of the Norwegian Randomized trial with 
 transmyocardial revascularization. J Am Coll Cardiol. 
2002;39:1588–93.

58. Allen KB, Dowling RD, Angell WW, Gangahar DM, Fudge TL,
Richenbacher W, Selinger SL, Petracek MR, Murphy D. Transmyocardial 
revascularization: 5-year follow-up of a prospective, randomized multi-
center trial. Ann Thorac Surg. 2004;77:1228–34.

 59. Cheng D, Diegeler A, Allen K, Weisel R, Lutter G, Sartori M, Asai 
T, Aaberge L, Horvath K, Martin J. Transmyocardial laser revascu-
larization: a meta-analysis and systematic review of controlled tri-
als. Innovations (Phila). 2006;1:295–313.

 60. Horvath KA. Transmyocardial laser revascularization. J Card Surg. 
2008;23:266–76.

A.C.W. Baldwin and O.H. Frazier



319

 61. Bridges CR, Horvath KA, Nugent WC, Shahian DM, Haan CK, 
Shemin RJ, Allen KB, Edwards FH, Society of Thoracic Surgeons.
The Society of Thoracic Surgeons practice guideline series: trans-
myocardial laser revascularization. Ann Thorac Surg. 
2004;77:1494–502.

62. Horvath KA, Ferguson Jr TB, Guyton RA, Edwards FH. Impact of
unstable angina on outcomes of transmyocardial laser revascular-
ization combined with coronary artery bypass grafting. Ann Thorac 
Surg. 2005;80:2082–5.

 63. Peterson ED, Kaul P, Kaczmarek RG, Hammill BG, Armstrong 
PW, Bridges CR, Ferguson Jr TB, Society of Thoracic Surgeons.
From controlled trials to clinical practice: monitoring transmyocar-
dial revascularization use and outcomes. J Am Coll Cardiol. 
2003;42:1611–6.

64. Allen KB, Dowling RD, DelRossi AJ, Realyvasques F, Lefrak EA,
Pfeffer TA, Fudge TL, Mostovych M, Schuch D, Szentpetery S,
Shaar CJ. Transmyocardial laser revascularization combined with 
coronary artery bypass grafting: a multicenter, blinded, prospective, 
randomized, controlled trial. J Thorac Cardiovasc Surg. 
2000;119:540–9.

65. Frazier OH, Boyce SW, Griffith BP, Hattler BG, Kadipasaoglu KA,
Lansing AM, March RJ. Transmyocardial revascularization using a 
synchronized CO2 laser as adjunct to coronary artery bypass graft-
ing: results of a prospective, randomized, multicenter trial with 
12-month follow-up (abstract). Circulation. 1999;100:I-248.

 66. Eldaif SM, Lattouf OM, Kilgo P, Guyton RA, Puskas JD, Thourani 
VH. Long-term outcomes after CABG with concomitant CO2 
transmyocardial revascularization in comparison with CABG 
alone. Innovations (Phila). 2010;5:103–8.

 67. Kim CB, Oesterle SN. Percutaneous transmyocardial revascular-
ization. J Clin Laser Med Surg. 1997;15:293–8.

 68. Leon MB, Kornowski R, Downey WE, Weisz G, Baim DS, Bonow 
RO, Hendel RC, Cohen DJ, Gervino E, Laham R, Lembo NJ, 
Moses JW, Kuntz RE. A blinded, randomized, placebo-controlled 
trial of percutaneous laser myocardial revascularization to improve 
angina symptoms in patients with severe coronary disease. J Am 
Coll Cardiol. 2005;46:1812–9.

 69. Oesterle SN, Sanborn TA, Ali N, Resar J, Ramee SR, Heuser R, 
Dean L, Knopf W, Schofield P, Schaer GL, Reeder G, Masden R, 
Yeung AC, Burkhoff D. Percutaneous transmyocardial laser 

revascularisation for severe angina: the PACIFIC randomised trial.
Potential Class Improvement From Intramyocardial Channels.
Lancet. 2000;356:1705–10.

 70. Stone GW, Teirstein PS, Rubenstein R, Schmidt D, Whitlow PL, 
Kosinski EJ, Mishkel G, Power JA. A prospective, multicenter, ran-
domized trial of percutaneous transmyocardial laser revasculariza-
tion in patients with nonrecanalizable chronic total occlusions. 
J Am Coll Cardiol. 2002;39:1581–7.

71. Frazier OH, Kadipasaoglu KA, Radovancevic B, Cihan HB, March
RJ, Mirhoseini M, Cooley DA. Transmyocardial laser revascular-
ization in allograft coronary artery disease. Ann Thorac Surg. 
1998;65:1138–41.

 72. Gregoric ID, Nolen MT, Ksela J, Chandler LB, Messner GN, 
Cervera RD, Smart FW, Delgado 3rd RM, Frazier OH. Posttransplant
off-pump coronary bypass and laser revascularization in a Jehovah’s 
Witness. Tex Heart Inst J. 2005;32:434–6.

73. Patel AN, Spadaccio C, Kuzman M, Park E, Fischer DW, Stice SL,
Mullangi C, Toma C. Improved cell survival in infarcted myocar-
dium using a novel combination transmyocardial laser and cell 
delivery system. Cell Transplant. 2007;16:899–905.

 74. Shahzad U, Li G, Zhang Y, Yau TM. Transmyocardial revascular-
ization induces mesenchymal stem cell engraftment in infarcted 
hearts. Ann Thorac Surg. 2012;94:556–62.

 75. Gowdak LH, Schettert IT, Rochitte CE, Lisboa LA, Dallan LA, 
Cesar LA, Krieger JE, Ramires JA, Oliveira SA. Cell therapy plus 
transmyocardial laser revascularization for refractory angina. Ann 
Thorac Surg. 2005;80:712–4.

 76. Gowdak LH, Schettert IT, Rochitte CE, Rienzo M, Lisboa LA, 
Dallan LA, Cesar LA, Krieger JE, Ramires JA, de Oliveira 
SA. Transmyocardial laser revascularization plus cell therapy for 
refractory angina. Int J Cardiol. 2008;127:295–7.

 77. Reyes G, Allen KB, Alvarez P, Alegre A, Aguado B, Olivera M, 
Caballero P, Rodriguez J, Duarte J. Mid term results after bone mar-
row laser revascularization for treating refractory angina. BMC 
Cardiovasc Disord. 2010;10:42.

 78. Horvath KA, Zhou Y. Transmyocardial laser revascularization and 
extravascular angiogenetic techniques to increase myocardial blood 
flow. In: Cohn LH, editor. Cardiac surgery in the adult. 4th ed. 
New York: McGraw-Hill Professional; 2012.

23 Transmyocardial Revascularization Using CO2 Lasers in Ischemic Heart Disease



321© Springer-Verlag London 2015
O. Topaz (ed.), Lasers in Cardiovascular Interventions, DOI 10.1007/978-1-4471-5220-0_24

      Laser Treatment of the Venous System       

     Mark     W.     Moritz      ,     Michael     Ombrellino      , and     Harry     Agis     

            Introduction to Basic Principles of Laser Use 

    Key Points 

    Laser – tissue interaction depends on chromophore absorp-
tion characteristics, laser wavelength, fl uence, pulse dura-
tion, and relaxation time of the target tissue, among other 
factors.  

  Hemoglobin is the targeted chromophore for surface lesions. 
Hemoglobin and water are targeted for endovenous 
therapy.  

  Laser safety demands proactive, rigorous attention to avoid 
injury to the patient or staff.    

 This section will introduce the reader to the basics of laser 
function and its interactions with tissue, with an emphasis on 
venous tissue, and provide basic information for laser safety. 
Treatments are now routine which were barely conceivable 
decades ago, and procedures once done commonly have 
been replaced by minimally invasive procedures which are 
made possible with lasers. It is imperative that the provider 
of modern vein treatments be familiar with the various appli-
cations of laser technology in this fi eld. Complete descrip-
tion in depth of this fi eld is of course impossible in one 
chapter; here, we present an overview of the fi eld. Only 
important elements will be reviewed which are needed for 
the practitioner to understand and safely apply laser technol-
ogy appropriately to the care of patients with venous disease. 
For more material in depth, the reader is referred to a number 
of excellent resources on this subject, which include review 
articles and texts [ 1 – 3 ]. 

 The term “laser” is in fact an acronym, which stands for: 
“Light Amplifi cation by the Stimulated Emission of 

Radiation”, i.e., the specifi c electromagnetic radiation we 
call “light”. The fi rst lasers were produced beginning in 
1960, 2 years after the theory was fi rst developed and pub-
lished. The laser’s development evolved directly from the 
maser (Microwave Amplifi cation by the Stimulated Emission 
of Radiation), devised in 1954, using similar technology but 
using microwave radiation instead of light. Over the ensuing 
decades, many lasers have been introduced, each using dif-
ferent substances and electronic circuits to produce mono-
chromatic light of specifi c wavelengths, each suited to 
particular needs. The laser works by using incident light, 
such as white light, which is multi-chromatic, to energize a 
substance to give off a characteristic monochromatic light as 
stimulated electrons return to their lower valence/energy lev-
els. This is intensifi ed with mirrors within the apparatus, 
causing a high-energy monochromatic light emission or 
fl ash. Substances used in lasers include argon, carbon diox-
ide, ruby, neodynium, yttrium, garnet, and others, each of 
which alone, or combined, emit specifi c varieties of light. 
Description of specifi c laser types and their science is beyond 
the scope of this chapter. 

 The successful treatment of clinical disorders with 
laser depends on interaction with tissue in a safe and pre-
dictable manner. This depends on the physics of light-tis-
sue interaction. For instance, for laser to treat 
telangiectasia, the light energy must pass through overly-
ing skin without damaging it. The safe characteristics of 
light which permit this are called the “optical window” of 
the skin, which corresponds to the wavelengths of 600–
1200 nm, the interval where the skin absorption of the 
energy is minimized. Electromagnetic energy is absorbed 
by tissue elements known as “chromophores”, and for 
these wavelengths, they would be the hemoglobin in blood 
and the melanin in the skin. Water, another dominant skin 
element, does not absorb signifi cantly below wavelengths 
of 1000 nm. The amount of melanin in epidermis also 
determines extent of absorption, with fair skin absorbing 
less than tanned skin. In dermis, hemoglobin becomes the 
dominant chromophore, many-fold more so than melanin. 
When assessing the absorption of laser energy by hemo-
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globin in the skin, the wavelength of the laser energy is 
important, as the absorption of 532 nm light by hemoglo-
bin is 100-fold more than for 1064 nm light [ 4 ]. For this 
reason, 532 nm light penetrates tissue less deeply than 
does 1064 nm light. Thus for a surface lesion of the skin 
composed of blood vessels (hemangioma, telangectasis), 
energy from 532 nm light is absorbed more effectively 
than that of longer wavelengths. For deeper lesions 
(example, subcutaneous vessels), 1064 nm would pene-
trate better to that level and produce a coagulum. 

 The size of the incident laser beam (diameter) also infl u-
ences depth of penetration. When the laser beam interacts 
with tissue elements, there is scatter of the light in different 
directions. Because some scatter occurs in the forward direc-
tion, a wider beam will induce more forward scatter, as more 
tissue elements are encountered. Thus, a wider beam has 
deeper penetration than a narrow one. 

 A major factor of laser energy that determines outcome 
and success of the treatment, such as ablating telangiecta-
sia, is the fl uence, or energy density, measured in J/cm 2 , of 
the incident laser light. In addition, the time in which the 
energy is delivered (pulse duration) is very important. 
Longer pulse duration causes more effective heating of a 
vessel, and whereas a short pulse duration may cause 
thrombosis of a small vessel, a long pulse duration will 
also cause destruction of the vessel wall [ 5 – 9 ]. Since 
cooling of tissue after laser heating occurs exponentially, 
with a time constant characterizing the tissue, the “relax-
ation time”, related to the time constant for cooling, is 
used to determine the optimal pulse duration. The proper-
ties of the target tissue are also important. The thermal 
relaxation time is a tissue characteristic which quantifi es 
the transfer of heat to and from the tissue with time. When 
pulse duration exceeds relaxation time, any advantage of 
higher absorption is lost [ 10 ]. Pulse duration should not 
exceed the relaxation time of the tissue for optimal effi -
cacy [ 3 ]. In surface laser treatment of telangiectasia and 
small veins, higher fl uencies can be administered to the 
target tissue if the skin surface is also cooled simultane-
ously, preventing skin damage from the heat generated in 
the target. In addition, pulsed laser delivery modality is 
more effective than continuous wave delivery, since it can 
take advantage of higher energy absorption in the target 
tissue [ 11 ]. 

 Another use of laser for venous disease treatment, 
endoablation (see section following), utilizes laser to pro-
duce heat in either hemoglobin, water, or both, to cause 
destruction of the vein wall, contraction and eventual dis-
appearance of the vein. In this application, a light- 
conducting fi ber is placed through the vein to be ablated, 
usually from a distal access location to a proximal site. 
When the laser is energized, energy is emitted from the tip, 
causing heating of the vein wall, and destruction of the 

endothelium. The laser wavelength for effective water 
absorption in the vein wall is longer, up to 1470 nm, and 
these lasers are therefore correspondingly selected for that 
property. The heating at the fi ber tip is thought to produce a 
coagulum, which in turn produces steam bubbles in any 
residual blood in the lumen, which then transmit heat to the 
endothelium [ 12 ,  13 ]. However, longer wavelengths, pulsed 
laser, and longer pulse duration favor vessel contraction 
over intraluminal thrombosis [ 4 ]. Various commercial 
products offer a choice of wavelengths, and there is some 
evidence that postoperative pain and bruising is less with 
longer wavelengths [ 14 ]. Tumescent anesthetic containing 
epinephrine also constricts the vein around the fi ber, pro-
ducing direct contact heating as well. 

 Heat transfer from an endovenous laser is described 
more simply for clinical purposes by the “linear endove-
nous energy density” (LEED), a measure of the joules 
applied per centimeter of vein length treated. Typically, 
70 J/cm is the LEED which causes irreversible closure of 
a vein [ 15 ], but variations in the wavelength and other 
characteristics between devices mean that each device 
will have its own recommended settings (temperature, 
wattage, etc.) to achieve permanent closure. For larger 
diameter veins, more energy needs to be applied to avoid 
failure to close. We typically apply 70 J/cm with good 
results. Higher power settings (wattage) also may be more 
effective [ 16 ,  17 ]. 

 Descriptions of various useful laser types in venous appli-
cations are given in the appropriate sections following.  

    Laser Safety 

 The operator must not only take positive steps to prevent 
patient injury during laser therapy, but must proactively 
anticipate problems and take steps to avoid injury to the eyes 
of personnel. All individuals in the procedure room must 
wear optical protective glasses for the wavelength laser 
being used. Approved designs will be labeled indicating for 
which wavelengths they are effective, and are usually sup-
plied with the laser generator purchase. The patient is best 
protected with the use of eye shields, opaque plastic or metal 
devices specifi cally made for this purpose. The laser genera-
tor should always be kept in the “standby” mode until the 
moment that treatment begins, to avoid accidental fi ring out-
side the patient’s body (for endoablation), or before appro-
priate eyewear is in place for all parties (both surface laser 
and endoablative treatment). A clear, visible sign must be 
mounted on the door to the treatment room, warning that 
laser is in use and the door must be kept closed, preferably 
locked from the inside, to prevent accidental exposure to an 
individual entering during treatment. OSHA rules must be 
followed [ 18 ].   
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    Practical Vein Anatomy: Surface, Superfi cial 
and Deep Systems 

   Key Point 

 Knowledge of venous anatomy is essential for successful 
treatment 

 Venous therapy involves interruption of refl uxing blood 
fl ow in the lower extremities by (endo)ablation or excision 
(phlebectomy) for pain, stasis ulcers, or other complications of 
refl ux, obliterative treatment of blood-fi lled cutaneous lesions 
(telangiectasia, port-wine stains, angiomas). It may also 
include recanalization of thrombosed major veins to treat 
obstructive symptoms in some cases. The choice of site for 
treatment and method of laser application for a particular 
treatment need is largely dependent on the patient’s venous 
anatomy. Selecting patients with appropriate indications for 
laser procedures is complex, but a signifi cant factor in deter-
mining suitability for a procedure is the anatomy of the veins 
to be treated and their abnormalities. A good working knowl-
edge of practical anatomy is the foundation of good vein treat-
ment. Space limitations in this chapter preclude a thorough 
review of venous anatomy. A basic knowledge of venous anat-
omy is assumed on the part of the reader; anatomic illustra-
tions are readily available in many reference sources. 

 It is important that the practitioner utilize the new interna-
tional nomenclature recently developed to avoid confusion 
since the commonly accepted terms are often different from 
those used in clinical practice, and the non-invasive imaging 
technologies such as duplex ultrasound imaging, three- 
dimensional CT, and MRI, have changed our knowledge of 
venous anatomy (Table  24.1 ).

   The venous system, for purposes of laser treatment, can be 
thought of as composed of cutaneous veins anywhere on the 
body, the superfi cial and deep systems in the extremities, and 
the major veins of the pelvis and trunk (all deep veins). Venous 
anatomy can vary between individuals. We describe that usu-

ally found, but the vein therapist must be knowledgeable of, 
and vigilant for variations or anomalies that can occur. These 
must be recognized on physical exam or other studies such as 
ultrasound, so that appropriate effi cacious treatment can be 
done with good results and without complications. Some com-
mon variations and anomalies are shown in Table  24.2 .

   Cutaneous venous anatomy, including intracutaneous 
lesions, which while technically “superfi cial”, is not 
described as part of that named system, Rather, cutaneous 
venous lesions include telangiectasias, hemangiomas, pig-
mented lesions, port wine stains, and other venous malfor-
mations of the skin, nasal and oral cavities [ 19 ]. 

 The superfi cial veins include those in the subcutaneous tis-
sues, superfi cial to the investing fascia of a limb or other body 
part. In the legs, of interest here, this includes the saphenous 
systems and their tributaries, subcutaneous veins of the feet, 
and the epigastric veins draining the trunk into the femoral 
veins. Deep veins, however, include those which accompany 
the arterial counterparts in the limbs, pelvis, etc., including the 
iliac and gonadal systems, and the inferior vena cava, among 
others. Upper extremity deep and superfi cial veins include 
respectively, the axillary and subclavian veins, and the cephalic, 
basilic, and brachial systems. Perforating veins connect the two 
saphenous systems to the deep system of the same limb, with 
unidirectional valves, which, if dysfunctional, can be the source 
for refl ux (insuffi ciency) and pathology. When found, refl uxing 
perforating veins often also need defi nitive treatment to resolve 
stasis ulcers and may prevent ulcer recurrence. 

 As a practical matter, laser therapy lends itself to treat-
ment of several venous structures addressed in this chapter: 
surface laser for telanectasia and angiomas, endoablation of 
refl uxing superfi cial veins (saphenous systems) and throm-
bolysis of large truncal veins (iliacs, brachiocephalics). 
Telangectasias and angiomas are confl uences of dilated 
intradermal venules <1 mm. in diameter. These can be treated 
with surface laser, where a laser beam penetrates the skin, 
causing a coagulum to form, with associated vasospasm, 
ultimately shrinking and obliterating the venules. 

 Below the dermis, in the subcutaneous tissue, the reticular 
veins can be seen as dilated veins 1–3 mm. in diameter, often 
tortuous, but excluding otherwise normal veins visible in pale 
thin skin. These do not lend themselves to laser treatment, and 

   Table 24.1    Examples of old and new nomenclature of venous anat-
omy useful in laser therapy   

 Old nomenclature  New nomenclature 

 Superfi cial femoral vein  Femoral vein 

 Greater saphenous vein, long 
saphenous vein 

 Great saphenous vein 

 Lesser saphenous vein  Small saphenous vein 

 Anterior saphenous vein  Anterior accessory saphenous 
vein 

 Giacomini’s vein  Intersaphenous or posterior thigh 
circumfl ex 

 Cockett’s perforators  Posterior tibial perforating veins 

 Boyd’s perforating vein  Medial knee perforating vein 

  Adapted from Caggiati et al. [ 44 ]  

   Table 24.2    Some variants and anomalies found in the adult venous 
system of importance to laser therapy   

 Duplicated great saphenous vein 

 Bifi d great saphenous vein 

 Subcutaneous great saphenous vein 

 Thigh (cranial) extension of small saphenous vein 

 Aplastic or hypoplastic veins 

 Avalvulia (absent valves) 

 Venous aneurysm 

 Phlebectasia (diffuse dilatation) 
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we usually treat them with microphlebectomy, a technique 
which is covered elsewhere [ 20 ]. Varicose veins are also sub-
cutaneous, but are >3 mm. in diameter when the patient stands. 
Patients with these often present with them protruding, and 
they often are associated with saphenous refl ux (insuffi ciency), 
which responds well to laser endoablation when present.   

    Surface Ablation 

    Key Points 

 Ablation of cutaneous lesions with laser requires appropriate 
application of wavelength, pulse duration, depth and other 
laser characteristics for the particular lesion(s) and body 
part being treated. 

 Application of excess laser energy can cause skin injury with 
bulla formation, depigmentation, and pain. 

 Successful treatment of surface lesions requires patience and 
time. Patients’ expectations should be prepared for repeated 
treatments to the same area with lightening over time, and may 
take months to achieve an appearance that pleases the patient. 

 Telangiectasias of the face and cherry hemangiomas 
respond the best to laser therapy, telangiectasias of the legs, 
telangiectatic matting post sclerotherapy and port wine stains 
require in general multiple treatment sessions. Reticular 
veins and larger telangiectasias are best treated with sclero-
therapy fi rst, and laser used to treat the fi ne residual telangi-
ectasias to achieve the best cosmetic results. 

 Lasers have been used to treat cutaneous lesions of the 
face, legs, and elsewhere on the body since the 1960s. We 
will here review the basic principles and contemporary tools 
available. 

 Most patients with cutaneous vascular lesions seek treat-
ment for cosmetic purposes, and expectations must be 
addressed very early in the preparation of the patient for 
treatment including vein resolution and cosmetic appear-
ance. The patient must be carefully counseled regarding the 
risks of treatment with laser: skin burns, recurrences, pain, 
skin color changes, and failure to improve. Perfection is dif-
fi cult to achieve, and improvement of the condition should 
be the goal. The patient must understand that lightening of a 
lesion to the patient’s satisfaction may require several treat-
ment sessions. 

 Telangiectasias of the face are very common and are a 
common lesion for which treatment with laser is appropriate. 
When on the legs, they are more diffi cult to treat and usually 
require more than one treatment session at either location. 
When considering laser treatment of cutaneous lesions, the 
melanin content of the patient’s skin is important, as darker 
types will have more absorption by the melanin and less by 
the hemoglobin. The conventional method to assess skin col-

oration type is by the Fitzpatrick scale [ 21 ,  22 ]. This allows 
for consistent communication with a common nomenclature. 
Laser treatment is most safe and effective for Fitzpatrick 
types I–III (paler skin types). As the melanin content 
increases (types IV–VI, darker skin types), the likelihood of 
depigmentation by melanin absorption and destruction with 
laser treatment rises, and such therapy must be considered 
with caution to avoid unacceptable cosmetic outcomes.  

    Laser Vs. Sclerotherapy for Treatment 
of Cutaneous and Subcutaneous Lesions 

 Sclerotherapy is the treatment of choice for reticular veins 
and telangiectasias. This can often eliminate small telangiec-
tasias with only one treatment session, whereas laser can 
require more than one session for the same result. The differ-
ence for the patient is lower overall cost, and quicker resolu-
tion. Small and large varicose veins are best treated with 
microphlebectomy, as laser is often ineffective in their com-
plete elimination. An individualized treatment plan is always 
necessary. The best candidates for surface laser treatment are 
those with Fitzpatrick skin types I to III (paler skin types), 
who present with telangiectasias of the face and legs. 

 In our practice, we typically utilize the laser for telangiec-
tasias of the legs which persist after sclerotherapy is com-
plete, such as for telangiectatic matting, which is a fi ne, dense 
area of telangiectasias that can form after sclerotherapy, and 
where the vessels are too small to canulate with a needle. 
When the face is treated, sclerotherapy is not used, so laser is 
the primary treatment. A few types of lasers are useful for 
these indications. The shorter wavelength lasers are best for 
the more superfi cial lesions, and the longer wavelengths, 
which transmit more power, for the deeper lesions. 

 Cherry hemangiomas are very common lesions, typically 
occurring on the neck, trunk and proximal legs. They can 
grow over time to large size, and often are very numerous, 
constituting a signifi cant cosmetic concern for most patients 
who have them. They respond very well to laser therapy, and 
are perhaps the easiest type of lesion to treat. Smaller lesions 
often require only one session to be eliminated.  

    Choices of Lasers for Surface Treatment 

 The Diode 532/940 nm laser is our preference due to its por-
tability and the availability of two different wavelengths in 
the same generator. However the Pulsed Dye Laser (PDL) 
595 nm, the Alexandrite 755 nm and the long-pulsed Nd:Yag 
1064 Laser are alternative devices that offer satisfactory 
results as well. The 1064 laser can be used in all skin types I 
to VI. Because of its weak absorption of melanin it is best for 
darker skin types. Optimal parameters for devices with this 
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wavelength have been reported [ 17 ]. The KTP (Potassium 
Titanyl Phosphate) 532 nm laser also treats surface lesions 
effectively. The KTP 532 laser has an Nd:YAG crystal dou-
bled with a KTP crystal to emit a wavelength of 532 nm 
(green) which is in the visible spectrum of light. Lesions 
such as telangiectasias of the face and legs, port wine stains, 
red tattoos, poikiloderma, cherry hemangiomas and some 
pigmented skin lesions are amenable to treatment with this 
laser, with a low incidence of purpura. It has a penetration of 
0.75 mm with hemoglobin as the chromophore. Patients with 
Fitzpatrick types I, II and III are the best candidates for its 
use. Treatment parameters for the Diode 532/940 nm laser 
which we fi nd are effective and usually do not damage the 
skin included a fl uence of 16–20 J/cm, and a pulse duration 
of 40 ms. We use a 1 mm beam diameter in most cases. 

 Some other laser choices are also described below, but 
this list is not intended to be complete. The reader is referred 
to a more complete technical review elsewhere [ 1 ]. 

 The Long Pulsed 1064 nm Nd:YAG Laser can be used to 
treat leg and facial telangiectasias, with a success rate of ves-
sel clearing at 50–100 % for facial telangiectasias after one 
treatment for the face, and after 3–5 treatments for the legs 
[ 23 ]. It is useful for Fitzpatrick skin types IV, V, and VI. The 
occurrence of hyperpigmentation is a complication. A cool-
ing device is required to minimize collateral skin damage 
due to its high power transmission and to maximize patient 
comfort. 

 The Pulse Dye Laser (PDL, 585–600 nm wavelength) can 
be used for facial and leg telangiectasias and port wine stains. 
One of the main disadvantages of this laser is the propensity 
to develop purpura, which can last for several days. Using 
proper treating parameters and subpurpuric thresholds, satis-
factory results can be achieved with this laser [ 24 ].  

    Method for Surface Laser Treatment 

 The use of laser for cosmetic purposes is best done in a com-
fortable setting for the patient, especially since laser applica-
tion involves a small amount of pain with each pulse, and 
many patients expect it to be painless. A warm environment 
with soft music provides a relaxed atmosphere. Laser safety 
precautions are always used (see above). The patient is 
placed in a recumbent position as needed to expose the area 
to be treated. For fi rst-time treatment, an explanation of what 
the laser feels like during treatment is given. We usually 
compare it to a rubber band snapping on the skin. Hydrogel 
is used on the skin surface for lubrication and good laser 
light conductivity. Skin cooling with the Diode 532/940 nm 
laser is not necessary, however cold hydrogel can be applied 
for patient comfort during the treatment. Longer wavelength 
lasers such as the 940 and 1064 nm wavelength lasers pene-
trate more deeply, and produce more pain than those with 

shorter wavelengths. Topical anesthetics are not routinely 
used. Cooling methods vary with the manufacturer and some 
companies incorporate various cooling devices with the laser 
itself, and when other longer wavelengths are used, skin 
cooling and topical anesthesia are useful. After the treat-
ment, gauze soaked in ice water is wrung out and placed on 
the treated areas for 5 min to improve comfort. 

 Telangiectasias of the face or legs are treated with a spot 
size of 1 mm outlining the vessel wall, the endpoint being 
blanching or graying of the vessel. The laser is set up at a 
fl uence of 16–20 J/cm 2  with pulse duration between 32 and 
40 ms and a repetition rate of 2 Hz. The lower fl uence num-
ber is used for facial telangiectasias. One of the main advan-
tages of the KTP 532 laser is that at the proper parameters it 
rarely causes purpura, resulting in a quicker clearing of the 
skin and better patient satisfaction. Avoiding pulse stacking 
(multiple laser dosing of the same spot) is important to pre-
vent damage to the skin, remembering that the object is to 
eliminate the vein leaving the skin intact. Treatments usually 
last between 15 and 30 min depending on the extent of the 
problem. Venules in the alae, which are extremely sensitive 
to pain, are best pretreated with topical lidocaine. 

 Poikiloderma de Civatte which commonly occurs as a 
result of actinic damage and appears on the neck and upper 
chest, consists of both telangiectasias and pigmentation 
changes, it responds to laser treatment, however even lower 
fl uencies are recommended to avoid skin damage and wors-
ening hypopigmentation with uneven appearance of the skin. 
Small ones usually require one treatment with the Diode 532 
laser at a fl uence of 16–18 J/cm 2  and pulse duration of 
32–38 ms. Larger lesions require more than one treatment 
session. Rosacea of the face, with its many small venules, 
responds very well, as do cherry hemangiomas. 

 Written and verbal post procedure instructions are given 
and the patient is cautioned not to tan the skin until com-
pletely healed, to use sunblock with an SPF of 30 or higher 
when in the sun, and to keep the skin moisturized. The patient 
is instructed to expect erythema for 1–3 days, similar to a 
sunburn. Sessions are spaced 3–4 weeks apart to allow a 
complete healing cycle of the area before assessment of the 
result and possible retreatment. As the lesion lightens with 
each treatment session, a subsequent treatment is then con-
sidered for patient satisfaction. During the follow up visit the 
results of the treatment are assessed and further treatment is 
performed as indicated. Telangiectasias of the face clear after 
one or two treatments with the nasolabial fold usually requir-
ing a second laser application. Leg telangiectasias usually 
require two or more sessions with 60–70 % or better resolu-
tion in most cases. 

 Potential complications of laser treatment include: hypo- 
or hyperpigmentation, skin blistering, and telangiectatic 
matting. Residual scarring with the above mentioned param-
eters is rare. Mild skin erythema and some swelling are noted 
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immediately after treatment and resolve in a few hours, some 
mild crusting is occasionally seen and usually resolves in a 
few weeks. Changes in pigmentation are to be avoided espe-
cially as once the skin is depigmented, restoration is usually 
not possible. Hyperpigmentation can resolve slowly over 
time.   

    Endovenous Ablation 

    Key Points 

    Endovenous ablation of veins has replaced some older open 
surgical procedures, enabling the patient to have such 
procedures under local anesthesia with no incisions, as 
ambulatory patients, with minimal limitations during 
recovery.  

  Laser is a means of providing energy as focal heat at the 
tip of a catheter intraluminally and is one of two com-
monly used energy sources for ablations (the other is 
radiofrequency).  

  Most non-thrombotic venous disease is the result of refl ux 
(insuffi ciency) in the deep and superfi cial veins, caused 
by primary or secondary valve dysfunction. In the pres-
ence of an intact deep system, veins of the superfi cial 
venous system can be closed to stop the refl ux; endove-
nous ablation is a preferred method.  

  Quality B mode ultrasound imaging, preferably with duplex 
capability, is essential for successful venous closure and 
for preventing thrombotic complications.  

  Endoablation usually must be combined with phlebectomies 
to accomplish complete treatment of venous refl ux and 
its sequelae, and to prevent later varicosity-related 
complication.     

    Patient Selection and Indications 

 The advent of catheter-based therapy has replaced stripping 
of superfi cial veins. Endovenous ablation of the GSV, SSV, 
Anterior Accessory GSV and the intersaphenous vein 
(Giacomini) has been performed for more than a decade with 
excellent clinical outcomes and a low rate of complications 
[ 25 ]. Patients must be carefully selected for this therapy to 
ensure good results, and must have a superfi cial refl uxing 
vein identifi ed on duplex ultrasound which fi lls a contiguous 
varix, and through which a laser fi ber can pass. Using the 
international system of nomenclature for describing diagnos-
tic information in chronic venous disease (CEAP classifi ca-
tion), most such patients will be symptomatic, corresponding 
to CEAP classes 2–6 (Table  24.3 ). While many patients pres-
ent with edema and varices, and are found to have refl ux, 
only in some will the edema respond to superfi cial vein 

endoablation [ 26 ]. Many patients with edema alone will not 
benefi t. Those however with CEAP 3–6 will frequently have 
improvement in pain (sometimes immediately after the pro-
cedure), faster healing of stasis ulcers, and fewer, less fre-
quent ulcer recurrences [ 27 ].

   Since the procedure by defi nition produces a coagulum in 
the treated vein, it is relatively contraindicated in a patient 
with a known thrombophilic disorder. Offering this proce-
dure to such a patient should be done only after careful con-
sideration of the indication and whether other means of 
treatment would be effi cacious. These patients should have 
DVT prohylaxis at the time of the procedure. In the rare 
patients of this sort treated in our practice, prophylaxis did 
not prevent successful vein closure.   

    Method 

 Prior to the procedure, the vein should be mapped with ultra-
sound, both to demonstrate the course of the vein and its 
unique characteristics, if any. Size, depth, areas of stenosis or 
occlusion must be noted. The original scan results obtained 
during diagnostic workup are checked. This may not have 
demonstrated the same level of detail which might make a 
difference in operative technique, such as an anomaly or 
variation in the vein. For instance, a superfi cial subcutaneous 
location of the distal great saphenous vein in the thigh would 
lead one to exercise more caution in tumescent anesthetic 
administration to make sure enough was infi ltrated between 
the vein and the skin to prevent thermal skin damage. In the 
case of a small saphenous vein procedure, the presence of an 
intersaphenous vein, extending the small saphenous up the 
thigh and around it medially, would lead the operator to 
place the laser fi ber further up the thigh proximally than 
would otherwise be done. Occasionally, a patient will have a 
cutaneous sensory nerve adjacent to the GSV, which would 
require extra tumescent anesthetic to prevent damage by 
heating and can sometimes be seen on ultrasound (Fig.  24.1 ). 
Some patients will have a duplicated GSV, and treatment of 
both branches is necessary.

   Table 24.3    CEAP clinical grades   

 Grade  Description 

 C 0  Normal – no symptoms or signs of venous disease 

 C 1  Telangiectasias or reticular veins 

 C 2  Varicose veins 

 C 3  Edema 

 C4  Skin changes due to venous disease: 

    4A: hyperpigmentation, eczema  

    4B: lipodermatosclerosis, atrophie blanche  

 C 5  Prior (healed) venous ulcer 

 C 6  Open venous ulcer 
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   General anesthesia is almost never needed for this proce-
dure. In fact the use of tumescent anesthesia(see below) 
allows for immediate postoperative ambulation, a desirable 
goal for these patients, in whom avoidance of thrombosis at 
the saphenofemoral junction is to be avoided. However, a 
small oral dose of sedative (alprazolam, 0.5 mg) 30 min or 
more before the procedure is helpful for most patients. 

 The patient is placed on the operating table either prone 
or supine, to expose the appropriate vein location, and ster-
ile prep and draping are done. For the GSV, access is made 
just distal to the knee when possible, to allow for the maxi-
mal length of thigh vein, or just proximal to the ankle for 
the SSV. However, the key portion of vein to be treated is 
not only the most proximal portion, about 2 cm distal to the 

SFJ for the GSV, or the SPJ for the SSV, but also should 
include the point of most distal refl ux as well. Access is 
best done with local anesthetic, such as 1 % plain lidocaine, 
and a micropuncture set (available from several manufac-
turers), with direct vision using B-mode ultrasound. The 
operator must be well-practiced with ultrasound imaging, 
or the necessary detail required to perform a good endoab-
lation will not be achieved, and an otherwise straightfor-
ward procedure could become very diffi cult. Correct 
technique minimizes interference with the operator’s move-
ments, provides stability for the ultrasound probe, and 
allows the operator complete freedom with one hand while 
imaging with the other (Fig.  24.2a, b ). The sterile probe 
cover is clamped to the overlying sheets with a large clamp 

a b

  Fig. 24.1    ( a ) Subcutaneous vs. ( b ) interfascial location of GSV. More 
tumescent anesthesia is required for the same effect when it is not con-
tained in the interfascial space. A vein which is in the subcutaneous 

position should be traced to the saphenofemoral junction to confi rm its 
identity before treatment       

a b

  Fig. 24.2    Micropuncture antegrade cannulation of GSV. ( a ) An 
8 MHz probe and a sterile cover are used to insonate the target vein; the 
probe and needle are aligned. ( b ) A longitudinal view best facilitates 

needle entry under direct vision. The echogenic needle tip is seen as it 
enters the vein on the right       
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(Kelly or equivalent), leaving a lax loop of cable on the 
patient, and preventing pulling on the probe itself from the 
weight of the cable. When access is done with the right 
hand, the left should hold the probe with the hypothenar 
eminence resting directly on the patient, providing a stable 
base from which the probe can be held still and steady dur-
ing imaging. The hand holds the probe in supination, and 
no motion is made with the arm or elbow, only the hand and 
fi ngers (Fig.  24.2a ). The opposite hand is used in a similar 
position to perform the micropuncture simultaneously. 
Using this technique, precise, non- moving images of the 
vein in detail allows cannulation with ease. Image orienta-
tion is according to preference. Many prefer a transverse 
image, but we fi nd the longitudinal image far more useful 
here. The vein axis and the echogenic needle tip can be 
aligned precisely, and vein entry can be completely visual-
ized in real time. The needle tip can be advanced within the 
vein lumen, as necessary, during wire insertion.

   Most failures to access a superfi cial vein are due to 
venospasm, often occurring when the patient is cold, anx-
ious, or when a fi rst attempt is unsuccessful. When this 
occurs, the B-mode image of the vein acquires a ringed 
appearance, which is due to the constricted, thickened vein 
wall, with a minimal residual lumen, if any. Repeat 
attempts to cannulate are rendered more diffi cult as a 
result, and the adjacent lengths of vein are similarly 
affected, constricting along with the region originally pen-
etrated. If multiple attempts at different levels are unsuc-
cessful, or if the size of the constricted vein’s lumen is so 
small as to prevent entry, the best course is to pause the 
case, warm and reassure the patient, apply sterile 2 % 
nitroglycerine ointment to the skin at the access site (Nitro-
bid, Savage Laboratories, Melville, NY), and wait about 
10 min or more for the vein to relax. This usually returns 
the vein to its original, unconstricted size, and another 
access attempt will succeed. In addition, if a particular 
site, usually near the knee, is not accessible after several 
tries, the best course is to choose a larger diameter site 
more proximally, treating a shorter segment than origi-
nally planned, but still ablating the vein effectively. 

 Another method for access entry which we have occa-
sionally found useful is retrograde entry (Fig.  24.3 ). Since 
the superfi cial vein, usually a great, small or accessory 
 anterior saphenous, is usually refl uxing from its proximal 
end, and that position has the largest diameter along the 
length being treated, the access can be made from the prox-
imal end, and the catheter passed distally, through the pro-
lapsing valves, without diffi culty. In this case, a longitudinal 
image of the site is essential, allowing for skin penetration 
over the SFJ or SPJ, and vein entry 2 cm. or more from the 
junction. Following passage of the catheter sheath and fi ber 
distally, the remainder of the procedure is no different from 

an antegrade one, except that the endpoint of treatment is 
proximal, and the most proximal treated site must be at 
least 2 cm from the junction, mandating good ultrasound 
visualization.

   Positioning of the access site should be done with the 
treatment length of the vein in mind. The GSV is not treated 
with heat below the knee, due to the proximity of the saphe-
nous nerve to the vein distal to that point; the nerve is directly 
apposed to the vein from the proximal calf distally, and heat-
ing the vein will cause damage to the nerve, with unaccept-
able postoperative consequences. Similarly, the sural nerve 
apposes the SSV beginning at the widest point of the calf, 
and distally. 

 One manner in which fi ber positioning can be problem-
atic, is when the length of vein to be treated has a tortuos-
ity, kink, or angulation at one or more sites. This is quite 
common, and is usually remedied with a guide wire for 
initial passage, often accompanied by manipulation of the 
surrounding tissues to straighten the path of the wire. Use 
of a 0.035” diameter wire, especially a glide wire, with 
both “J” and straight soft tips is usually adequate. The 
straight end is often required to pass through these areas, 
and twirling the wire back and forth while manipulating it 
and the surrounding tissues is necessary. However, if the 
vein still cannot be cannulated, perhaps due to an obstruct-
ing functional valve, more proximal access is sometimes 
required. 

 Perhaps the most important complication of an endoab-
lation is deep venous thrombosis (DVT), occurring at the 
SFJ or SPJ, as a consequence of heat EHIT – endothermal 
heat- induced thrombosis (treatment is described in the 

  Fig. 24.3    Retrograde saphenous cannulation. The entry site is fi rst 
clearly visualized with ultrasound and a longitudinal view allows entry 
just beyond the position of the inferior epigastric vein confl uence. 
Treatment is done up to 2 cm from the terminal valve, or more distally 
(Photo Copyright 2014 Mark W. Moritz, M.D.)       
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section on complications below) [ 28 ,  29 ]. Evidence has 
shown that the distance from the tip of the treatment fi ber 
to the junction is critical in determining the likelihood of 
developing EHIT although at least one other study has 
shown that gender, Caprini score, CEAP class, and a prior 
history of thrombosis were more signifi cant [ 29 ]. We have 
found in our series of more than 200 patients that a dis-
tance of at least 2.0 cm. is effective in preventing EHIT in 
almost all patients [ 30 ]. The laser sheath is placed up to the 
junction then the fi ber is passed through it and positioned 
in this manner, measuring with ultrasound the distance 
from its tip to the junction. 

 Tumescent anesthetic is administered along the entire 
fi ber length, from the access point to the junction, avoiding 
intraluminal injection. Typically, it is safe to place 7 mg/kg 
of lidocaine, using 1 % with epinephrine mixed 1:10 with 
normal saline and with 1:50 sodium bicarbonate 8.4 % as 
buffer (440 cc NS with 50 cc of 1 % lidocaine/epinephrine 
and 10 cc sodium bicarbonate 8.4 %).We avoid giving 
more than 500 cc of the above mixture in any one session. 
The tumescent anesthetic serves as a “heat sink”, absorb-
ing heat and protecting surrounding tissues, due to the 
high heat capacity of water. Infi ltrating the anesthetic 
around the vein will produce a “halo” on ultrasound, which 
indicates adequate protection. This is especially important 
to avoid cutaneous nerve damage, and there must be at 
least 1 cm. between the vein and the skin to avoid burn. 
Also, where the vein is very superfi cial, the anesthetic pro-
vides this space. 

 The laser fi ber can be energized after the anesthetic is in 
place. The fi ber is pulled back at a constant rate to heat the 
vein evenly. Ultrasound or, with some devices, a light at the 
tip of the catheter which is visible through the skin, can be 
used to track the fi ber tip position during pullback. 
Treatment must be stopped when the fi ber is 1 cm. from the 
skin surface, as it begins to exit the vein. Once laser pull-
back is complete and the treatment is complete, ultrasound 
is again used to confi rm that the deep vein at the junction is 
compressible, and that there is no thrombosis in the junc-
tion. This can be done in B-mode, or in color mode. The 
treated vein will show opacity (bright refl ection) and no 
fl ow, and fl ow will be visible in the epigastric and common 
femoral veins. 

 The patient is instructed to wear compression hose for 
2 weeks post-procedure, which is important for patient 
comfort. (S)he is encouraged to walk every 2 h on the day 
of procedure, and to avoid heavy exercise during the 
2 weeks. 

 Within the fi rst 3 postoperative days, the patient has an 
ultrasound of the treated leg, at the SFJ or SPJ as appropriate, 
for evidence of endovenous heat-induced thrombosis (EHIT, 
see section on complications, below). 

    Complications of Endovenous Ablation 

 Some of the most frequently encountered complications of 
these procedures are relatively minor and commonly occur. 
These include pain, ecchymosis, mild paresthesias, minor 
skin burns, hematomas, ablation failure, and superfi cial 
thrombophlebitis. Other complications can be considered 
major and are relatively uncommon, including thermal nerve 
damage, DVT, pulmonary embolism, arterio-venous fi stula 
and catheter or guide wire fragmentation with or without 
embolization [ 31 ]. 

 EHIT (Endovenous heat induced thrombosis) at the 
sapheno-femoral junction (SFJ) is a distinct entity that occurs 
when the intraluminal heat induced thrombus progresses prox-
imally from the laser fi ber tip site in the GSV. It can protrude 
into the common femoral vein, and can progress to DVT. It is 
because of this possibility that an ultrasound is performed in 
our practice within 72 h post procedure. We have found this in 
about 2 % of patients, unlike other reports of a higher inci-
dence [ 29 ,  32 ,  33 ]. This can be characterized based on its pres-
ence at the junction, protruding into the major deep vein, or 
having at least part of its base on the wall of the major deep 
vein. In all such cases, we treat the patient for 1 week with 
injectable enoxaparin (Lovenox®, Sanofi ), 1.5 mg/kg daily. 
All such patients are again scanned again at 1 week, and if the 
repeat duplex shows retraction of the thrombus into the SFJ, 
anticoagulation is discontinued. These thrombi are intrinsi-
cally different from those occurring spontaneously, and pro-
longed anticoagulation is unnecessary in our experience. 
However, we also individualize the treatment and in some 
cases, where resolution/contraction does not occur, or the 
patient has a history of prior clotting disorder, longer therapy 
is given. With these precautions we only very rarely had any 
patient develop a pulmonary embolism. Pulmonary embolism 
is rare but has been described [ 34 ]. 

 Heat-induced damage to nearby cutaneous nerves is not 
common, but patients should be cautioned preoperatively 
that dysesthesias, of the mid to distal thigh, medial calf, or 
posterior calf can occur, depending on the site of the vein 
treated. These typically are described as a mild burning sen-
sation. Reassurance and anti-infl ammatory drugs are very 
benefi cial and the symptoms are usually self-limited. In 
order to prevent nerve damage the tumescent solution is 
delivered into the saphenous compartment under ultrasound 
visualization, creating the appearance of a halo around the 
vein of at least 1 cm in diameter. The ablation of the of the 
GSV in the calf or the SSV in its distal two-thirds is avoided 
in order to minimize nerve damage, due to the proximity of 
the saphenous or sural nerve to the GSV and SSV vein 
respectively. 

 Ablation failure can occur with large diameter veins, 
incomplete heating, or a procedure performed while the 
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patient is anticoagulated, and may only involve a part of the 
treated vein. The procedure can be repeated, but since most 
patients also undergo subsequent microphlebectomy on a 
different day, ligation and excision of the remaining portion 
can be considered at the same time, especially in thin indi-
viduals. Alternatively, sclerotherapy can close a remaining 
vein, usually with foam injection and ultrasound guidance. 
Other complications including arteriovenous fi stula [ 35 ,  36 ], 
skin burns (erythema and bullae), infection, and seroma, are 
rare in our experience. 

 Prevention of the rare but potentially serious complica-
tion of catheter, laser fi ber, or guide wire fragmentation or 
embolization requires meticulous attention to detail and 
inspection of all the equipment after termination of the pro-
cedure to ascertain integrity and accountability of all devices 
used. Once it is discovered that a fragment of wire or other 
foreign body has separated from the removed portion, com-
pression should be put on the groin or popliteal site as 
appropriate to prevent further movement into the deep sys-
tem. The ultrasound unit is then used to fi nd it. Retrieval can 
be done by incising the overlying skin, palpating the object 
in the vein, if possible, and using a clamp to grasp it through 
the vein wall, or in the adjacent tissues. It can then be 
excised safely. If a fragment has embolized proximally, it 
must be located and extracted by other means. 

 A common reason why a fragment of wire is lost in the 
tissues is when the needle through which it is inserted is 
extravascular. The wire then does not advance through the 
vein lumen, but inserts into the subcutaneous tissues. 
Resistance is always felt to forward movement. When this 
happens it is imperative that both the needle and wire be 
removed together, and the cannulation process be started 
again; an attempt to remove the bent wire through the nee-
dle can result in shearing off the end of the wire, leaving it 
in the tissues. Removing such a fragment requires locating 
it with ultrasound, and excising it, as described above. 

 Skin burns although rare can be prevented by avoiding 
ablation of very superfi cially located veins; these are better 
dealt with by microphlebectomy. Exit site burns can be 
avoided by stopping the laser catheter pullback while sev-
eral centimeters of the catheter still remain in the patient, 
and then placing the laser in standby mode prior to remov-
ing the laser fi ber. Burns of this type are usually minor and 
are treated with expectant observation and measures to 
relieve symptoms. 

 Complications associated with tumescent anesthesia 
range from catheter damage by the needle to the more 
serious Lidocaine toxicity. The recommended dose of 1 % 
lidocaine with epinephrine is 7.0 mg /kg. or less, however 
doses of up to 35 mg/kg can be given during liposuction 
[ 37 ]. We mention this to caution against its use, since 

 during liposuction, tissue containing the lidocaine is 
removed during the procedure. When the administered 
dose of lidocaine without epinephrine is at or above 
1.5 mg/kg, there is a likelihood of toxicity. Also, inadver-
tent injection of the anesthetic directly into a vein or an 
artery is potentially a toxic dose. Toxic reactions include 
light-headedness, visual disturbances, headache, seda-
tion, perioral or tongue tingling, dysarthria, and muscle 
twitching, and may progress to seizures. If toxicity is sus-
pected, the infusion must be immediately stopped, oxygen 
should be administered, and emergency management 
should be instituted.   

    Endolysis: The Use of Excimer Laser 
in Chronic Venous Obstruction 

    Key Points 

    Post-thrombotic syndrome (PTS) is a common and disabling 
complication of DVT, occurring in at least half of the 
300,000 patients who acquire DVT each year in the 
United States, resulting in edema, pain, lipodermatoscle-
rosis, and often ulceration, with disability.  

  DVT is amenable to thrombolysis when acute, less so with 
time. By about 1 month, the chronic thrombus is not 
responsive to lytic agents, and in fact although the vessel 
may recanalize, it can eventually become sclerotic.  

  DVT of the pelvic veins and/or vena cava produces disability 
due to obstruction of the venous outfl ow of the legs. 
Superior vena cava syndrome is the analogous condition 
of the upper extremities, with occlusion of the subclavian 
veins and/or superior vena cava.  

  Excimer laser treatment can provide an alternative for recan-
alizing a chronically thrombosed lesion when a wire and/
or balloon catheter will not cross.    

 DVT is a common entity in the United States, with 
approximately 300,000 cases per year, half of which go on to 
post-thrombotic syndrome [ 38 ]. Disability resulting from the 
edema, pain, lipodermatosclerosis, hyperpigmentation and 
ulceration causes billions of dollars of lost time and produc-
tivity each year [ 39 ]. When the thrombosis is acute, and in 
the major truncal veins of the upper and lower limbs, lysis 
has been shown to decrease the frequency and severity of 
post-thrombotic symptoms [ 40 ]. When those lesions contain 
chronic, organized thrombus, conventional lysis methods are 
often unsuccessful. 

 The excimer laser (EL, Spectranetics Corporation, 
Colorado Springs, CO) has been used in our hands for suc-
cessful recanalization of major truncal veins, facilitating 
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guidewire passage prior to venaplasty and stenting in cases 
where simple guidewire passage was impossible [ 41 ]. The 
adjunctive use of the EL facilitates wire passage by creating 
a fl ow channel through which further therapeutic maneuvers 
may be performed. It is particularly effective in those situa-
tions where older, organized thrombus limits the operator 
from advancing a wire across a chronic venous occlusion. 
The excimer laser is a pulsed laser, emitting very brief 
pulses of very high energy, but by vibrating the tip of the 
catheter and generating ultrasonic disruption of plaque (for 
which it was designed) does not produce heat, as with other 
lasers designed for use in the venous system. It can also dis-
rupt thrombus [ 42 ,  43 ]. This then allows a guidewire to 
track unimpeded within an occluded vein facilitating subse-
quent interventions. While we have used this device in this 
application many times without incident, and with good out-
comes for our patients, its use in the venous system is 
“off-label”.   

    Method 

 The procedure may be done in either the interventional radi-
ology/catheterization suite or in the operating room with a 
portable C-arm unit. The patient is placed either supine or 
prone, depending on the level of access desired. For lesions 
involving only the iliac veins or inferior vena cava, the 
supine position with entry through the common femoral 
vein(s) is preferred, because of easier accessibility of the 
CFV and overall better comfort of the patient during the pro-
cedure. The prone position is preferred when accessing 
thrombosed popliteal or femoral veins and will also allow 
access to the more proximal iliac veins as well. Subclavian 
and innominate lesions, and the basilic, brachial, or axillar 
veins are approached through the ipsilateral arm, in supine 
position. 

 Under local anesthesia with or without minimal to mod-
erate conscious sedation, and under direct ultrasound visu-
alization, the target vein is imaged and entered using a 
small echogenic entry needle. The accompanying wire is 
advanced through the needle and a 4 Fr microcatheter is 
positioned within the vein. Even in a thrombosed vein, this 
can be done safely and easily. This is subsequently up-sized 
to a 5 Fr sheath (Pinnacle, Terumo Medical Corp, Elkton, 
MD). X-ray contrast is injected through the sheath, allow-
ing the operator an initial view of the extent and complexity 
of the thrombosis. A hydrophilic glidewire (Terumo 
Medical Corp, Somerset, NJ) is then passed through the 
thrombosed segment of vein until it reaches a proximal 
open vessel. A catheter is then passed over the wire to the 
proximal vessel, and injection of contrast is done to  confi rm 

intraluminal position and characteristics of the proximal 
patent vein. 

 In cases of chronic thrombosis, where pharmacolytic 
agents are not expected to work, the EL is used to debulk 
the site. After intraluminal position is confi rmed, the glide-
wire is exchanged for an 0.018″ wire. An EL catheter of 
2.0–2.5 mm is then passed over the wire, activated with 
settings of 40–60 mJ/cm 2  fl uence and a repetition rate of 
40/s or higher to lyse and debulk thrombus as the initial 
modality. Once the EL catheter has passed through to the 
proximal patent vein, it is then backed out, while activated 
again, leaving a newly created fl ow channel. In most cases 
the EL passes through the thrombus without diffi culty, 
allowing for balloon venaplasty and stenting to be done as 
appropriate. 

 In cases where the initial wire cannot pass through the 
involved vein to a proximal patent vein, the EL can be used 
in a stepwise fashion to progressively work through the 
obstructive lesion. This is done by leading with the EL cath-
eter under fl uoroscopy through the lesion in 2 mm steps, 
without fi rst advancing the guidewire, then advancing the 
wire a small distance ahead of the catheter, then repeating 
this process until the wire reaches the open proximal vein. It 
is important not to forcibly push the catheter through the 
occlusion, but rather allow it to fi nd a natural path while the 
laser is fi red, to limit the potential for perforation. The EL, 
having been passed proximally, is then brought back distally 
while fi ring continuously, through the new channel. In all 
cases, a venagram is done to confi rm intraluminal position, 
and the resulting fl ow channel, after which venaplasty and 
stenting can proceed. 

 All patients are fully heparinized during these pro-
cedures. Each procedure is ended after venaplasty with 
stenting when there is a good resulting flow channel, 
the lesion is traversed with a wire, and there is reduc-
tion in the number of visible venous collaterals on com-
pletion fluoroscopy when compared with the initial 
views. The method reported here works well in large 
and medium-sized veins, such as the femoral and the 
iliac, and even the vena cava. It  produces an adequate 
channel in chronic thrombus through which to pass 
wires and balloons for further treatment (Figs.  24.4 , 
 24.5 , and  24.6 ).

     Although there is a possibility of perforation, as in the 
arterial system, with careful technique and use of appropriate 
equipment, we have not had this occur. Other complications 
can include recurrence of thrombosis, infection or bleeding, 
and persistence of PTS symptoms. The patient remains anti-
coagulated postoperatively, but the recurrence of thrombosis 
is clearly related to the cause of the original event, and should 
be prophylaxed and treated with that in mind.  
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  Fig. 24.4    Excimer laser used to reopen a chronically occluded bra-
chiocephalic vein for relief of left arm pain and edema. ( a ) Initial vena-
gram shows collaterals around obstruction, which could not be traversed 
with guidewires. ( b ) Passage of excimer laser. The radiopaque tip is 

visible at the innominate vein – superior vena cava junction. ( c ) Final 
result with stent in place. The patient experienced prompt relief of dis-
abling symptoms (Photos Copyright 2015 Mark W. Moritz, M.D.)       
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  Fig. 24.5    Recanalization of an occluded left iliac vein system with 
excimer laser. ( a ,  b ) Initial bilateral venagrams showing occlusion and 
collaterals. ( c ) Result after laser passage when guidewire could not 

 otherwise be passed. ( d ) Balloon angioplasty. ( e ) Ballooned and stented 
result, with disappearance of collaterals (Photos Copyright 2015 
Michael Ombrellino, M.D.)         
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  Fig. 24.6    Relief of chronic right iliac and inferior vena caval obstruc-
tion with excimer laser used to facilitate passage of guidewire and bal-
loon catheter which otherwise could not be passed. ( a ,  b ) initial bilateral 
venography showing obstruction and collaterals. Thrombus had propa-
gated through the original inferior vena cava fi lter and a second fi lter 

was placed proximally before treatment. ( c ,  d ) Passage of wire and bal-
loon venaplastics following excimer laser passage. ( e ) Patent iliocaval 
system after venaplasty and Palmaz stent placement in cava (Photos 
Copyright 2015 Mark W. Moritz, M.D.)         
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    Conclusion 

 Laser technology has revolutionized venous thera-
pies. Surface venous lesions, superficial veins, and 
deep veins now have treatment options available 
which add to the older armamentarium, and in some 
cases, have completely replaced older open surgical 
procedures with percutaneous alternatives. This ver-
satile technology will predictably continue to 
improve venous therapy outcomes as it is further 
developed.     
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      Endovenous Diode Laser Ablation 
of Varicose Perforating Veins       

     Christof     Zerweck       and     Thomas     Schwarz    

            Introduction 

 The fi rst report on endovenous laser ablation (EVLA) in 
varicose saphenous veins was published in 1999 [ 1 ]. In the 
last decade a lot of studies have been published, regarding 
the optimal laser device, wavelength, pulse duration and the 
optimal laser emitting fi ber design. The vast majority of this 
research was done on the varicose saphenous veins: the great 
saphenous vein (GSV) and the small saphenous vein (SSV). 
Since 2007 when Proebstle and Herdemann reported about 
laser ablation of incompetent perforating veins (IPV) with a 
1320 nm and a 940 nm diode laser, only few studies focused 
on this topic [ 2 ]. This might have been due to the fact that 
there were no specialized thin laser fi bers available and the 
insertion of a thick 6 french sheath in the short perforator 
was tricky and almost impracticable. Proebstle and 
Herdemann for this reason used 16 gauge cannulas for a 
600 nm fi ber [ 2 ]. Ozkan used Seldinger technique for laser 
fi ber insertion [ 3 ]. Overall, the procedure remained niched. 

 In 2008 a thin 400 μm fi ber from Angiodynamics, used on 
an 810 nm diode laser was available, inserted through a 21 
gauge cannula. In 2010 another 400 μm (ELVeS-radial-slim 
kit™, Biolitec AG Jena, Germany) was introduced, suitable 
for a 1470 nm diode laser system (Cerelas D™). At this point 
of time 1470 nm had proved to deliver best results in endove-
nous laser ablation [ 4 ]. This fi ber is delivered via a 16 gauge 
cannula, providing excellent maneuverability and causes tol-
erable discomfort for the patient. A sheath to introduce the 
fi ber is not necessary. The radial slim fi ber can also be used 
for treatment of varicose vein in the GSV or SSV in one pro-
cedure. In a recently published study we demonstrated excel-
lent effi cacy and safety of the procedure with this fi ber 

treating incompetent perforating veins [ 5 ]. In 2011 Corcos 
et al. published their results with an 808 nm diode laser and 
a 600 nm fi ber. Comprising 530 IPVs, this study is the largest 
one released so far [ 6 ]. 

 At the moment, thin laser fi bers are available from 
AngioDynamics Latham, USA (VenaCure EVLT™), 
Biolitec AG Jena, Germany ((ELVeS-radial-slim kit™) and 
Total Vein Systems Houston, USA (EasyFlex GlideFiber™).  

    Anatomy, Physiology and Pathogenesis 

 Perforating veins in the upper or lower leg are physiological 
connections between the deep and the superfi cial venous sys-
tem, draining superfi cial blood into the deep venous system. In 
the upper leg, the proximal and distal Dodd’s perforator and 
the Hunter’s perforator are known. In the lower leg, the Boyd’s 
perforator and several paratibial (Cockett), dorsal (May, 
Sherman) and lateral perforating veins have been described. 

 In cases of pathological refl ux, these veins may build the 
proximal insuffi cient point with reverse fl ow. More often the 
varicose perforator acts as the distal main drainage vein, 
when the GSV and the SSV show pathological refl ux. Refl ux 
in the deep venous system is highly associated to the occur-
rence of IPVs, in some studies 2/3 of all IPVs are correlated 
with deep venous refl ux [ 7 ]. 

 Moreover, Cockett and Jones described the Blow-Out- 
Syndrome as a result of muscular contraction as possible 
base for the development of IPVs [ 8 ].  

    Clinical Presentation 

 IPV represent only a small aspect in the total disease of vari-
cose veins. Common complaints during the day with aggra-
vation towards evening are pain, swelling, aching, itching, 
heaviness of the leg or nocturnal muscle cramps. Complaints 
are typically relieved by elevation of the extremity or by 
wearing compression stockings. 
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 Additionally, some patients describe local pain whilst 
standing or walking. 

 In other cases, general practitioners admit patients with 
suspected IPV’s in cases of prolonged ulcer healing. Local 
changes of the skin and subcutaneous tissue such as eczema, 
dermatitis with induration, pigment disorder, lipodermato-
sclerosis are possible signs for an incompetent perforator 
vein disease. Other patients present with deep venous throm-
bosis in the deep calf veins, or isolated calf muscle vein 
thrombosis in the soleal and gastrocnemial muscle veins 
probably caused by thrombus progression via perforator 
veins from initially superfi cial venous thrombosis (SVT) [ 9 ].  

    Indication to Treat 

 There is a common belief that the majority of patients with 
IPV do not require to be treated by surgery or thermal abla-
tions [ 10 ]. Indication for treatment is related to the clinical 
complaints of the patient. 

 Functional testing of blood fl ow must be performed to get 
information about the relevance of the vessel in relation to 
the total disease. Duplex ultrasound is the accepted gold 
standard for this purpose [ 10 ]. The measurement of the per-
forator diameter completes the general view, but may not be 
used as the only marker value for or against treatment. 

 According to the recommendations of the American 
venous forum, IPVs are pathologic, when refl ux is ≥500 ms, 
diameter exceeds 3.5 mm. Furthermore, an open or closed 
ulcer (CEAP class 5–6) has to be located in the proximity of 
the perforator.  

    Procedure 

 There is no consensus on the optimal IPV ablation procedure 
yet. For this reason, we describe the procedure as it is per-
formed in our department. As we know, our procedure 
slightly differs from other institutions, regarding anesthesia 
and post-interventional care. We use a radial emitting slim 
fi ber on a 1470 nm diode laser from Biolitec (ELVeS-radial- 
slim kit™ + Cerelas D™ Biolitec AG Jena, Germany). 

 It is recommended to use a standardized examination pro-
tocol for venous sonography [ 11 ,  12 ]. The procedure is 
started with a short run down on the saphenous veins to 
determine the optimal puncture site that can be marked with 
a permanent marker (Fig.  25.1 ). The perforator veins are fi rst 
observed in an oblique view, then the ultrasonic probe may 
be turned 90° to achieve a longitudinal image of the vein. 
Afterwards the longitudinal direction can be marked again 
with a marker pen with intent to shorten and ease the follow-
ing puncture procedure as the insertion of the large cannula 
is not comfortable for the patient.

   From an anatomical point of view there exist T- and L-like 
shaped perforators (Fig.  25.2 ). The catheter therefore may be 
placed in one or two ways. It is important to place the fi ber 
tip intravenous and above the fascial plane (Fig.  25.3 ), intra-
muscular placement could lead to unexpected side effects, 
e.g., muscle vein thrombosis or deep venous thrombosis.

    Cutaneous disinfection of the whole leg is performed. 
16 gauge cannulas are placed subsequently in all varicose 
veins that require treatment (saphenous vein or tributaries). 

  Fig. 25.1    The procedure is started with a short run down on the saphe-
nous veins to determine the optimal puncture site that can be marked 
with a permanent marker       
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  Fig. 25.2     Above : T-like IPV;  below : L-like IPV with laser fi ber       
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All cannulas should be placed prior to the tumescent local 
anesthesia injection, as the epinephrine in it causes a vessel 
contraction (Fig.  25.4 ).

   Thereafter, the laser radial fi ber slim is introduced fi rstly 
in the saphenous vein. Then, tumescent local anesthesia con-
sisting of 25 ml of 2 % ultracaine, 25 ml of 8.4 % sodium 
carbonate, 0.5 mg epinephrine diluted in 500 ml cooled 
saline is injected along the perivenous space of the GSV/
SSV under usage of ultrasound guidance. 5–10 ml 1 % prilo-
cainhydrocloride is injected at the perforator area to provide 
a good toponarcosis. The proximal vein should be fi rst closed 
to reduce blood pressure in the area around the perforator. 

 If necessary, treatment of the GSV or SSV has to be per-
formed before IPV-treatment. 

 The laser procedure will be started in the saphenous vein 
after placing the laser fi ber tip according to the guidelines of 
the manufacturer with approximately 1 cm distance to the 
deep vein system. Laser energy can be delivered at 8 W with 
the radial fi ber slim. The varicose vein will be treated to 
approximately 1 cm above the skin entry site. The targeted 
linear endovenous energy density (LEED, J/cm) in the GSV 
and SSV is 60 J/cm [ 4 ,  14 ]. 

 After treatment of the saphenous vein, the fi ber is intro-
duced in the already placed cannula in the perforator veins. 
The tip of the fi ber should be placed ultrasonographically 
guided in the epifascial region above the fascial plane. After 
this maneuver the plastic cannula must be drawn out of the 
skin, sliding back over the fi ber which must be kept in the 
correct intravenous position. Before starting the laser treat-
ment, approximately 10 ml of cooled tumescent local 

 anaesthesia is injected again around the laser fi ber. This has to 
be done for cooling reasons as Pannier could show a signifi -
cantly reduced intake of analgesics with cooled tumescence 
fl uid after the procedure [ 15 ]. During laser ablation, the fi ber 
is pulled back 1–3 cm until the tip of the fi ber exits the vari-
cose vein. This is seen on ultrasound imaging and may be felt 
by the investigators hands as vibrations on the skin. In perfo-
rator veins higher energy levels than in the saphenous veins 
are needed for a good result, a LEED of 69–130 J/cm with 
1470 nm has proved to be suffi cient [ 5 ,  13 ]. With lower 
energy levels, the perforator might not be closed. Nevertheless, 
studies with lower energies have not been published jet. Laser 
energy application is controlled, modifying the velocity up 
until the withdrawal of the catheter. 

 After the procedure, venous fl ow is checked immediately 
in the proximal deep veins and in the perforator by ultra-
sound. Persistent refl ux in tributaries or below the treated 
vein is checked and additional treatment with foam sclero-
therapy [ 16 ] or phlebectomy [ 17 ] should be applied if 
needed.  

    Post-interventional Care 

 Immediately after the procedure, prophylaxis of venous 
thromboembolism is started (e.g., with enoxaparin 
40 mg s.c.) for the following 5 days. But there is no clear 
evidence from clinical studies on this topic. 

 Compression therapy with a graduated class II stocking 
(30–40 mmHg) should be worn immediately with the intention 

  Fig. 25.3    Perforator with 
inserted radial fi ber slim       
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of wearing the stockings for 72 h continuously. After that they 
may be worn during the day for a further 3 weeks. A non-steroidal 
anti-infl ammatory drug (diclofenac-sodium 75 mg 3–5 days 

b.i.d.) is useful for pain relief and to limit the infl ammatory reac-
tion. The patient can resume routine daily activities immediately, 
however strenuous exercise should be avoided for about 1 week. 

  Fig. 25.4    Procedure.  Above left.  Sonographic inserted 16G cannulas 
( Left one  in GSV, both  right ones  in IPVs).  Above right . Advancement 
of the fi ber in the GSV, navigation light is shining red through the skin. 
 Middle left . Laser ablation of GSV is fi nished. Insertion of the fi ber into 

the proximal IPV.  Middle right . Fixation of the fi ber with a fi nger, can-
nula already removed.  Below left . Treatment of the distal IPV.  Below 
right . Immediately before laser activation. Additional tumescence anes-
thesia for cooling reason       
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 After 1 week signs for superfi cial vein thrombosis or 
phlebitis should be checked, this procedure may be repeated 
1 month later for patient’s satisfaction. At the same time the 
treated veins and the surrounding area of these are observed 
for recanalization and to exclude DVT in the extremity.  

    Complications 

 The major complications in the laser ablation of perforators 
are similar to all endovascular thermal therapy options 
known. They include pulmonary embolism, deep or superfi -
cial venous thrombosis, nerve injury, and neurologic symp-
toms. Special minor complications are: skin alteration, 
bruising. 

 A special complication is the occurrence of muscle vein 
thrombosis in the intramuscular part of the perforator vein. It 
starts intramuscular near the fascial plane and may have an 
extension up to 2 cm. The relevance of this thrombus is 
unclear but it is likely that it arises as a result of hemostasis 
in this vessel. Thrombus progression into the deep venous 
system has not been reported yet.  

    Results from Clinical Trials 

 Up to this point seven studies have observed the effi cacy and 
safety of endovenous laser ablation of IPVs with differences 
in sample size, perforator diameter, LEED, wavelength of 
the laser device and long term results (Table  25.1 ). Because 
of the different wavelength, providing maximum absorption 
power either in hemoglobin or water, no direct comparison 
of the different LEED (for successful IPV closure) can be 
made. Nevertheless, Darwood and Gough recommend a 
minimum LEED of 60 J/cm for successful ablation of vari-
cose veins.

   The fi rst published data were presented from Proebstle 
and Herdemann in 2007. They used laser devices with 940 
and 1320 nm. In the beginning, 5–8 W were used in both 
laser devices with a mean energy dose of 130 J (45–342). 
After this pilot phase, laser energy was doubled up to 250 J 
(1320 nm) and 290 J (940 nm), although closure success was 
mentioned suffi cient in the lower dose group. The study 
focused on diameter shrinkage at day 1 after treatment, not 
on closure success. After 3 months, follow-up examination 
could be completed in 16 of 67 ablated IPVs, no further 
shrinkage compared to day 1 was noticed. In 50 % of the 

patients ecchymosis was noticed, whereas 16 % complained 
about paresthesia in the treated skin area. 

 The study of Sang Woo Park et al. investigated different 
technical approaches regarding the location of laser energy 
delivery in thigh perforators [ 18 ]. Some IPVs were punc-
tured and ablated directly whereas others where closed due 
to sole ablation of the connected GSV. For visualization of 
varicose vein anatomy during the procedure, angiographic 
and duplexsonographic images were used. After 1 week 
96 % of the IPVs were still occluded, late closure results are 
suffi cient but not very reliable due to a high dropout rate. 
Better technical results of the procedure were achieved with 
the GSV ablation method, because the direct advancement of 
the laser fi ber into the IPV was reported to be more compli-
cated. This study reports a high rate of bruising and ecchy-
mosis, probably correlated to the bare fi ber used, known for 
causing perforations of the venous wall [ 19 ]. 

 Hisslink et al. reported on IPV ablation in patients with 
imminent, healed or fl orid ulcer (CEAP class C4-C6). The 
majority of IPVs where accompanied by refl ux in the deep 
venous system. Three months after the procedure 78 % of the 
IPVs were still occluded. No ecchymosis was seen as the 
fi ber used is designed with a gold tip, resulting in less focal 
charring of the vein. 

 The Ceralas D diode laser with 1470 nm in combination 
with a radial fi ber slim was used in two studies. Mert et al. 
used a LEED of 69 J/cm, achieving a closure success of 
87 % after 12 months. Zerweck et al. treated IPVs with a 
mean diameter of 5.1 mm and had a closure success of 96 % 
after one month, requiring a LEED of 132 J/cm. The latter 
had a lower energy delivery with 8 W, whereas the former 
used 10 W. Comparing the available data, lower energy lev-
els might be suffi cient in this technical setup. Both studies 
had a low rate of paresthesia. 

 Corcos et al. report about 808 nm laser ablation of 530 
IPVs between the years 2002 and 2008. Energy delivery was 
between 6–10 W, LEED is stated being as low as 15 J/cm 
whilst displacement speed of the fi ber was 2 mm/s. Despite 
the low deployed energy, the closure rate in the follow-up 
examination after 3 months and 6 years was 72 %. Four of 
fi ve IPVs were 2–4 mm in diameter, potentially explaining 
the low LEED levels. With 1.5 % a remarkable low rate of 
paresthesia was noticed. 

 A case report on ablation of 7 IPVs was published by 
Ozkan in 2009 [ 3 ]. 6 of 7 IPVs could be closed successfully 
with a LEED of 50–60 J/cm and a 10 W diode laser at 
940 nm. No severe complications occurred.     
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      Excimer Laser Assisted Retrieval 
of Embedded Vena Cava Filters: 
Insights from the Preclinical 
Animal Model       

     Naritatsu     Saito       and     Takeshi     Shimamoto     

        Pulmonary thromboembolism is the sudden blockage in one 
or more arteries in the lung by the blood clots formed in the 
veins of the lower extremities or pelvis. Pulmonary thrombo-
embolism is a serious circulatory disorder, which can be a 
cause of sudden death. Many types of Inferior vena cava 
(IVC) fi lters have been developed to prevent the pulmonary 
thromboembolism in patients with deep vein thrombosis. 
The permanent placement of an IVC fi lter effectively reduces 
the recurrence rate of pulmonary thromboembolism in the 
acute phase of deep vein thrombosis but it increases the rate 
of recurrent deep vein thrombosis in the chronic phase [ 1 ,  2 ]. 
The retrievable IVC fi lters may resolve this problem as they 
may be left in place as permanent fi lters or retrieved if the 
patient no longer requires vena cava interruption. The 
retrieval is usually recommended within a certain periods of 
time after its implantation to avoid fi brotic fi xation of the 
fi lter to the venous wall. We previously described the feasi-
bility of laser-assisted retrieval of embedded IVC fi lters in a 
canine model [ 3 ]. The technique has already been applied to 
more than 100 patients by another group and the results are 
favorable [ 4 ]. In this chapter, we describe the insights from 
the preclinical animal experiments. 

 The experiment employed Gunther Tulip fi lter 
(GTF; Cook, Bloomington, Indiana), which is one of the 
most commonly used retrievable fi lters. Six GTFs were 
implanted in six mongrel dogs and retrieved after 4 weeks. 
The fi lters were fi rmly attached to the venous wall at the time 
of retrieval. The laser-assisted retrieval was examined in this 
model. The retrieval system consisted of a 14-F excimer 

laser sheath (Spectranetics, Colorado Springs, Colorado), an 
8-F guide catheter, and a 15-mm Goose Neck snare 
(Fig.  26.1 ). The laser sheath was connected to a CVX-300 
Excimer Laser System (Spectranetics Co.), which generates 
ultraviolet light that has a wavelength of 308 nm and maxi-
mum fl uence of 60 mJ/mm 2  (energy output per unit area of 
the fi ber). In the present study, a 40 Hz repetition rate was 
used. The retrieval technique was described as follows. The 
right jugular vein of each dog was surgically isolated. A lon-
gitudinal venotomy was created, and the laser sheath was 
advanced through the right jugular vein into the IVC, with 
the tip of the sheath being positioned approximately 1 cm 
proximal to the fi lter hook. After injecting 3000 units of hep-
arin, the Goose Neck snare and 8-F guide catheter were 
advanced through the laser sheath to capture the hook of the 
fi lter. The fi lter was gently pulled into the 8-F guide catheter 
until a fi rm and persistent resistance was perceived. A cavog-
raphy revealed an hourglass-shaped collapse of the caval 
lumen, indicating tight adhesion of the fi lter to the vessel 
wall. The laser sheath was gently advanced to the site of the 
adhesion while holding the Goose Neck snare and 8-F guide 
catheter. Excimer laser energy (10-second bursts) was 
applied to various points in the adhesion site by slowly rotat-
ing the beveled tip. When ablation of the adhered tissue was 
completed, the fi lter was retrieved in the laser sheath. 
Immediately after fi lter retrieval, cavography was performed 
to assess the morphology of the inner caval wall and check 
for any damage or perforation. We did not perform a continu-
ous saline injection through the guiding catheter during the 
laser application, which might be necessary to minimize ves-
sel wall damage. Figure  26.2  describes the retrieval tech-
nique. After ablation of the adhesions by excimer laser 
emission, all fi lters were successfully retrieved. Final cavog-
raphy after retrieval revealed no caval damage except for 
minor extravasation in three dogs. Examination of the caval 
specimen taken from a dog immediately after fi lter retrieval 
revealed partial absence of the intima and media (Fig.  26.3 ). 
In the remaining fi ve dogs, cavography performed 2 days 
after fi lter retrieval revealed complete hemostasis and almost 
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indistinguishable intimal indentations. On follow-up 
 cavography 28 days after fi lter retrieval, caval stenosis with 
38 ± 11 % diameter narrowing was noted. The caval  specimen 

obtained from a dog at 28 days showed neointima formation 
at the level where the fi lter struts were in contact with the 
caval wall (Fig.  26.4 ). The other four dogs have survived for 
more than 3 months without any adverse events. We con-
cluded that laser-assisted retrieval of an IVC fi lter incorpo-
rated into the IVC wall is feasible.

      The laser-assisted retrieval of embedded IVC fi lter has 
already been used in humans. Kuo and colleagues present 
their experience in 100 consecutive patients. The proce-
dures were successful in 98.0 % with mean implantation of 
855 days. The major complication rate was 3.0 %; one 
patient developed IVC thrombus and two patients devel-
oped major hemorrhage requiring stent-graft placement. 
The results seem favorable. However, we consider that 
some modifi cations are desirable in the laser sheath 
because it is originally designed for pacemaker lead 
removal. Most importantly, the tip of the laser sheath 
should be slightly tapered inward. The distal tip of the 
laser sheath used in this study was beveled at a 15° angle, 

  Fig. 26.1    The retrieval system consisting of a 14-F excimer laser 
sheath, an 8-F straight guide catheter, and a 15-mm Goose Neck snare       

Laser Pulse

Rotation

14F Laser Sheath

8F Guide Catheter

Goose neck snare

Intimal Injury

(1) (2) (3) (4) (5)

  Fig. 26.2    Diagrammatic representation of the various steps of laser- 
assisted GTF retrieval. ( 1 ) Entrapment of the fi lter hook by the Goose 
Neck snare. ( 2 ) IVC wall collapse with the advancement of the laser 

sheath. ( 3 ) Generation of the laser pulse. ( 4 ) Rotation the beveled tip of 
the laser sheath. ( 5 ) Filter removal       

a b c d

  Fig. 26.3    Gross and microscopic fi ndings of the IVC wall and retrieved 
fi lter (Van Gieson staining) immediately after retrieval. 
( a ) Filter legs are covered with a fi brotic red membrane. ( b ) The intima 
is partially absent ( arrowhead ). ( c ) Microscopic fi ndings of the tissue 

attached to the fi lter struts. Vascular intima and fi brin were found. 
( d ) Microscopic fi ndings of the caval wall show partial absence of the 
endothelium, intima, and media ( arrowhead )       
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which makes it easier to pass the acute pacing lead angle in 
the superior vena cava. However, a beveled tip is not nec-
essary for the retrieval of fi lters implanted in the IVC as 
this vessel usually runs straight along the body axis. When 
the distal tip is tapered slightly inward, the direction of the 
laser becomes parallel to that of the collapsed IVC wall, 

which may facilitate accurate and fi ne dissection 
(Fig.  26.5 ).

   The laser assisted retrieval of embedded IVC fi lter is a 
new indication for excimer laser use. The therapeutic system 
requires more improvements and the true effi cacy should be 
assessed in a control, randomized clinical trial.    

a b

  Fig. 26.4    Gross and microscopic fi ndings of the caval wall 28 days 
after GTF retrieval (Van Gieson staining). ( a ) Gross fi ndings show thin 
neointima formation at the site where the fi lter struts were in contact 

with the caval wall. ( b ) Microscopic fi ndings show proliferated neo-
intima replacing the damaged intima       

a b  Fig. 26.5    ( a ) The excimer laser 
sheath used in the study. 
( b ) Desirable shape of the distal 
tip. The distal tip of the laser 
sheath is tapered inward so the 
direction of the laser becomes 
parallel to that of the collapsed 
caval wall       
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      Landmarks Along the Application 
of Laser Energy for Cardiovascular 
Therapy       

     Jagadeesh     Kumar     Kalavakunta      ,     Mohammad     Anas     Hajjar      , 
    Prem     Srinivas     Subramaniyam      , and     George     S.     Abela     

            Historical Background of Lasers 

 Laser is an acronym for “light amplifi cation by stimulated 
emission of radiation”. The development of lasers is based on 
Neil Bohr’s theory of quantum mechanics and Albert 
Einstein’s theory of stimulated emission [ 1 ]. Bohr theorized 
that energy is released in quanta of electromechanical energy 
from excited atoms known as photons while Einstein theo-
rized that when an excited atom is struck by a photon of a 
certain wave length and direction it would release a photon of 
the same specifi c wavelength and direction. In 1958 Townes 
and Schawlow in the United States and Prokhorov in the 
Soviet Union further developed this concept leading to the fi rst 
laser device to be built by Theodore Maiman in 1960 [ 2 ,  3 ]. 

 Lasers are uniquely suited in the medical fi eld because of 
certain features that include a monochromatic light that can 
be absorbed selectively by tissues with distinctive color as 
well as a coherent light that deposits high energy that can 
ablate tissue with precision cutting. Not long after the fi rst 
ruby laser was developed, Dr. Leon Goldman, a  dermatologist 

at the University of Cincinnati started to treat skin lesions 
with intense color (i.e., hemangiomas) in his laboratory [ 4 ]. 
Soon to follow was application of laser in ophthalmology 
for treatment of diabetic retinopathy and in general surgery 
for non-contact cutting that avoids the spread of tumor cells 
[ 5 ]. All these applications of the laser were initially deliv-
ered by hand-held rigid devices using mirrors to direct the 
laser beam. However, industrial advances in fi ber optics led 
to the ability of transmitting lasers via fl exible fi bers. Fibers 
could then be threaded into body orafi ces via catheters that 
carry the laser light to treat target lesions deep into body 
cavities.  

    Continuous Laser Wavelengths 
for Angioplasty Procedures 

 Several early brief reports demonstrating the effect of laser 
on atherosclerosis were published using a ruby laser by 
McGuff (1963) and then with an argon laser by Macruz 
(1980) [ 6 ,  7 ]. Meanwhile, in the cardiovascular fi eld, balloon 
angioplasty procedures were becoming widely used for the 
treatment of arterial blockages in the heart and peripheral 
circulation. Thus, the time was right to evaluate the use of 
laser technology in more depth. In 1982 Abela presented an 
initial report at the American College of Cardiology demon-
strating the effect of three laser wavelengths (CO2; 
10,600 nm, argon; 488;514 nm and Nd-Yag; 1060 nm) on 
atherosclerotic plaques [ 8 ]. The advantage of the argon and 
Nd-Yag lasers wavelengths was these could be easily trans-
mitted via optical fi bers whereas the CO 2  required articulated 
mechanical arms with mirrors [ 9 ]. However, all three wave-
lengths produced very similar tissue effects characterized by 
a central zone of plaque vaporization, surrounded by a zone 
of thermal injury and an adjacent outer layer of diffuse tissue 
disruption [ 10 ] (Fig.  27.1 ). Importantly, using fi ber optic 
delivery systems it was possible to perform lasing in a blood 
fi lled medium with the fi ber in direct contact with the tissue 
[ 11 ] (Fig.  27.2 ).
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        Fiber Optic Laser Delivery Systems 

 Reports on the effect of lasers in cardiovascular system began 
to emerge, including dissolving thrombus in cadaver hearts 
[ 12 ]. All these preliminary studies were conducted using con-
tinuous wavelength lasers. These lasers were adapted to opti-
cal fi bers that had a small diameter (≤1 mm) but were fl exible 
enough to pass through hollow catheters within the circula-
tory system to reach distant arterial targets under fl uoroscopic 
guidance [ 13 ]. Meanwhile, modifi ed fi bers were also being 
produced. One such device had a metal ring at the tip to help 
with fl uoroscopic visualization (Fig.  27.3 ). However, there 
were major limitations to these systems because they pro-
duced small arterial channels and caused frequent arterial 
perforations. Perforations were related to both the stiffness of 
the fi ber optic tips as well as heat generated during laser 
delivery of continuous laser wavelengths. The focus then 
shifted to development of various approaches to improve 
optical fi ber guidance and mechanical control.

       Guiding Systems for Laser Angioplasty 

 In order to reduce arterial perforations, various guiding sys-
tems were developed and/or adapted. 

    Guide Wires 

 The initial system was to use a guide wire within the laser 
catheter in order to keep the fi ber aligned with the vascular 
lumen. This was based on the work of John Simpson and 
that was then adapted by Anderson and Gruentzig to the 

laser catheter system [ 14 ,  15 ]. Consequently, irradiation 
from the tip would remain centered within the arterial 
lumen along the course of the guide wire [ 16 ].  

    Angioscopy 

 Fiber bundles with lens tips were used to make angioscopic 
catheters that could be used to visualize the plaque and guide 
the fi ber tips during irradiation of the plaque. However, these 
devices were often large, bulky and did not achieve the 
desired outcome of reduced perforation because they lacked 
catheter tip control. However, angioscopes advanced over 

  Fig. 27.1    Histology of laser effect on arterial plaque demonstrating a 
central zone of vaporization surrounded by a zone of thermal injury and 
a surrounding zone of diffuse tissue disruption (Abela et al. [ 10 ], with 
permission)       

  Fig. 27.2     Left , beam dispersion pattern in whole blood, saline solution 
and various blood-saline dilutions. The divergence angle increases from 
15° in saline solution to 30° in 1:64. In whole blood the dispersion is 
spherical around the fi ber tip.  Right , larger craters are produced at 
increasing concentrations of blood, the largest being in whole blood. 
Charring at the lased site is also greater with increase concentrations of 
blood (Fenech et al. [ 11 ], with permission)       
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guidewires evolved independently of lasers to be used for 
examining atherosclerotic plaques in vivo and identify unsta-
ble atherosclerotic plaques that may lead to acute cardiovas-
cular events [ 17 ].  

    Fluorescence 

 Other systems were developed using tissue fl uorescence as a 
feedback mechanism to help guide the laser procedure to 
localize plaque components while avoiding the native artery 
[ 18 – 21 ]. Those systems could also defi ne the composition of 
the plaque by spectral signals to identify calcifi cation, fi brous 
tissue and lipid content. Although this approach was able to 
distinguish plaques from the artery, it did not have an associ-
ated guidance system to address the limitations of the small 
channel size and arterial perforation with laser.  

    Ultrasound 

 Intravascular ultrasound (IVUS) was being developed at the 
same time when lasers were being evaluated for angioplasty. 
Although IVUS provided useful data on plaque morphology 
and composition, it did not resolve the perforation problem 
[ 22 ]. IVUS then evolved independently as a diagnostic tool 
for vascular procedures especially to identify arterial wall 
dissection and the severity of arterial stenosis.   

    Modifi ed Fiberoptic Catheter Systems 

    ‘Hot Tip’ Probe (Trimedyne, Inc, Lake 
Forest, CA) 

 In order to reduce the arterial perforation rate and also 
enlarge the arterial channel diameter in occluded arteries, the 

optical fi ber tip was modifi ed by adapting an olive-shaped 
metallic steel cap [ 23 ,  24 ]. The metal cap would then absorb 
laser energy to thermally vaporize the tissue [ 25 ,  26 ] 
(Fig.  27.4 ). However, this system required direct contact 
with the tissue. Moreover, it would also get very hot reaching 
temperatures above 100 °C which could then cause arterial 
perforations by thermal conduction to adjacent tissue. Those 
perforations were larger than the size of the optical fi ber. To 
reduce perforations, a guide wire was adapted by inserting 
into the body of the metallic probe tip to help keep the fi ber 
probe aligned with the arterial lumen (Figs.  27.5  and  27.6 ).

         Hybrid Probe (Trimedyne, Inc, Lake Forest, CA) 

 Given the above limitations, a hybrid probe was then devel-
oped by Abela et al. and this used the same type of metallic 
probe tip but had an open end with an optical fi ber with 

  Fig. 27.3    Catheter with protruding optical fi ber. The fi ber has a metal 
ring placed at the tip to allow visualization with fl uoroscopy (Courtesy 
of Abela GS)       
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  Fig. 27.4    Laser Thermal Probe with steel metal jacket enclosing the 
optical fi ber tip. All the laser energy is absorbed by the fi ber converting 
it into a ‘hot tip’ system that vaporized the atherosclerotic plaque tissue 
(Courtesy of Abela GS)       

  Fig. 27.5    Thermal probe with a 0.18” guide wire passing through an 
eccentric channel in the probe tip. The whole system is back loaded in 
a 7-F catheter to allow saline and contrast agent infusion (Courtesy of 
Abela GS)       
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lensed tip to focus the laser beam [ 27 ]. This system created 
a pilot channel into which the metal probe would then fol-
low to help orient the direction of the fi ber [ 26 ] (Fig.  27.7 ). 
Although this was also a useful modifi cation, perforations 
still occurred. Some of this was related to overheating of 
the probe. To address this problem the procedure was con-
ducted by fl ushing normal saline at 22 °C during the lasing 
procedure to prevent thermal dispersion. Another modifi ca-
tion was the addition of a thermocouple to the tip of the 

probe so that it would cut off the laser when the probe tem-
perature exceeded 100 °C [ 28 ]. Despite these innovations 
arterial perforations were still a potential problem, espe-
cially in small diameter arteries. The challenge for laser 
angioplasty was to be able  to revascularize the artery and 
obtain a channel equal to the native vessel without perfora-
tion . All the thermal probe systems required tissue contact 
and were activated by a continuous wavelength laser sys-
tems (i.e., argon, Nd-Yag).

  Fig. 27.6    Thermal probe passing into the coronary circulation of a dog demonstrating the fl exibility of the probe to follow the guide wire 
(Courtesy of Abela GS)       
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  Fig. 27.7     Left , the Spectraprobe-PLR TM  or hybrid probe has a lens 
tipped fi ber and a metal cap. The fi ber discharges a laser beam from 
the tip and simultaneously heats up the metal probe (Abela et al. [ 27 ] 

J Am Coll Cardiol, with permission).  Right , this creates a central 
channel that is further enlarged by the thermal effect of the probe 
(Courtesy of Abela et al. [ 26 ], with permission)       
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       Lensed Fibers 

 Other modifi cations included of lensed fi bers that were made 
with the intent of focusing the laser beam when ablating the 
arterial plaque [ 29 ]. However, those were quickly trans-
formed into thermal probe system once the lens became 
soiled by either blood or tissue debris at the treatment site. 
Thus, these systems also had similar outcomes as the thermal 
probes.  

    Laser Balloon Catheter (USCI-Bard, 
Billerica, MA) 

 A unique concept was developed by Spears that dispersed 
laser irradiation by scattering the light through an angio-
plasty balloon catheter [ 30 ]. Since the balloon is transparent 
to the light and simultaneously displace the blood when 
infl ated allowing a scattered laser beam to irradiate the tis-
sue. The concept behind this system was to cause ‘biological 
stenting’ of the tissue. This could seal dissections by balloon 
angioplasty and stabilize the plaque. Another endpoint was 
to prevent the high restenosis rate that was frequent follow-
ing standalone balloon angioplasty. Moreover, to further 
enhance this system, a photosensitizer, hematoporphyrin 
derivative (HPD), with high affi nity to atherosclerotic plaque 
would result in selective absorption of the laser light at 
316 nm laser wavelength [ 31 ]. Although highly innovative, 
in practice, the expected outcomes of reduced restenosis and 
biological stenting were not realized.   

    Pulsed Laser Systems (Excimer, Ho:Yag) 
for Angioplasty Procedures 

 Given the hurdles with the continuous wave laser systems 
attention turned to pulsed lasers as a method to recanalize arte-
rial obstruction. The rationale was that pulsed laser had the 
ability to vaporize calcifi c tissues and cut more precisely with 
less thermal injury to surrounding tissue [ 32 ]. Two major 
wavelengths were used for pulsed laser, Ho:Yag (2100 nm) 
and Excimer (308 nm Pulse width: 125–200 ns; fl uence 
30–60 mJ/mm 2 ). These effects were demonstrated by Cross 
and Bowker in the United Kingdom, by Clarke and Isner and 
Grundfest and Litvack in the United States [ 33 – 35 ]. Both are 
highly absorbed by the tissues making them precision cutting 
devices. A major breakthrough by Goldenberg was the ability 
to couple the excimer laser (XeCl 308 nm) to fi ber optic bun-
dles [ 36 ]. These were then used to deliver the laser beam in a 
forward direction from the catheter tip. Subsequent tip modifi -
cations were also made to disperse the beam at outward angles 
to achieve a wider cut of tissue than the size of the catheter tip. 

 High energy pulses had their own limitations including 
production of vapor bubbles that would expand and then 
implode generating photoaccoustic shock waves in the imme-
diate environment [ 37 – 40 ]. These shock waves produced tis-
sue dissection especially if the lasing was done rapidly and in 
the presence of blood. This could lead to intramural hemor-
rhage with separation of the arterial wall layers forming the 
appearance of a multilayered French pastry known as ‘Mille 
Fueille’ [ 41 ]. Thus, clearing the local milieu of blood during 
lasing was required to obtain the clean cuts that were seen in 
the in vitro experiments [ 42 ]. This procedure required that the 
lasing be performed slowly without forcing the catheter into 
the tissue to avoid mechanical dissection but rather have the 
catheter lead the way by precision cutting of plaque. Pulsed 
HoYag was also used but had more shock wave and thermal 
tissue effects than the excimer [ 41 ]. Various catheter systems 
were built with a central channel and surrounding fi bers that 
could then cut a precise rounded channel around a guide wire. 
Although successful, this approach continued to require the 
need for follow up balloon angioplasty to obtain the size of 
channel comparable to the size of native artery. Furthermore, 
the anticipated effect of reduced restenosis using laser was 
not achieved.  

    Laser Thrombectomy 

 Thrombus plays a key role in the acute coronary syndrome 
(ACS) and it poses a challenge for revascularization. 
Moreover, thrombosis is associated with increased intra and 
post procedural complications. Distal embolization of the 
thrombus during percutaneous coronary intervention (PCI) 
can reduce microvascular perfusion which has been shown to 
be associated with poor prognosis. 

 Mechanical thrombolysis can be achieved with laser as 
thrombi have a high water content which helps in the absorp-
tion of the light. Also, the laser interacts with platelets and 
fi brin which are key components of the thrombus. Topaz 
et al. demonstrated that the mid pulsed ultraviolet and infra-
red lasers (i.e., excimer and holmium:YAG) can create 
acoustic shock waves with dynamic pressure on the fi brin 
mesh to break up the fi brin to cause thrombolysis [ 43 ]. 
Lasers can also alter platelet aggregation and can cause stun-
ning in a dose dependent manner. 

 During ACS laser thrombectomy can be achieved both in 
native coronary arteries and venous grafts. Thus, the laser 
may be used as an alternative to treat a high thrombus burden 
especially in patients who failed thrombolysis or have 
 contraindications for thrombolytics or IIb/IIIa receptor 
 antagonists. In a study of 50 AMI patients excimer laser was 
effective in thrombus reduction by 83 % and an improved 
Thrombolysis In Myocardial Infarction (TIMI) fl ow [ 44 ]. 
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 In the CARMEL (Cohort of Acute Revascularization of 
Myocardial Infarction with Excimer Laser) multicenter, non- 
randomized, observational study Topaz et al. demonstrated 
that excimer laser was effective in AMI by signifi cantly 
increasing TIMI fl ow and reducing target lesion stenosis 
[ 45 ]. Both native coronaries stenoses (79 %) and venous 
grafts (21 %) were included. A 91 % overall procedural suc-
cess rate was achieved with minimal complications (0.6 % 
balloon related perforations, 0.6 % acute closure, 3 % laser 
induced major dissections). No laser related perforations 
were noted. Other key fi ndings were that the maximal laser 
effect was noted in the lesions with large thrombus burden. 
Also, no distal embolization was noted among the 21 % of 
patients who had degenerated vein grafts.  

    Clinical Trials with Lasers 

    Lasing with Continuous Wave Lasers 

 Abela et al. were the fi rst to receive FDA approval in the US 
to perform laser angioplasty in the peripheral circulation in 
humans using the thermal hybrid probe system. An initial 
study was performed in 11 patients evaluating the immediate 
effects of laser angioplasty in peripheral arteries using angio-
scopic guidance. This was initially performed in the operat-
ing room setting during peripheral artery surgery. A new 
vascular channel was created in 10 of the 11 patients who 
had totally occluded superfi cial femoral arteries [ 27 ]. 
Meanwhile, Cumberland et al. worked on peripheral arteries 
in humans with a laser activated thermal probe or ‘hot tip’ 
and had a 89 % primary success in creating a channel fol-
lowed by balloon dilatation [ 46 ]. Sanborn et al. also reported 
on the use of peripheral laser thermal angioplasty as an 
adjunct to conventional balloon angioplasty [ 47 ]. They dem-
onstrated a high success rate for femoropopliteal stenosis 
(77 %) and total occlusions (95 %). The 1-year cumulative 
clinical patency was also 77 % but longer lesions had lower 
patency rates in 1-year. Shorter lesions had better patency 
with laser angioplasty compared to balloon angioplasty 
alone. Other studies reported similar results [ 48 ]. 

 Using a hybrid laser/thermal probe, Barbeau et al. demon-
strated the feasibility of treating complex peripheral artery 
lesions using a combined laser angioplasty and percutaneous 
balloon approach. In this study overall technical success rate 
was 75 % (Figs.  27.8  and  27.9 ) [ 27 ,  49 ].

         Excimer Laser Angioplasty in the Peripheral 
Circulation 

 PELA (Peripheral Excimer Laser Angioplasty )  was a pro-
spective, randomized trial in 251 patients (13 US and 6 
German sites) with symptoms of claudication for greater 

than 6 months and >10 cm total superfi cial femoral artery 
(SFA) occlusion compared balloon angioplasty with laser 
assisted baloon angioplasty. No differences in outcomes 
(clinical events or patency rates) were demonstrated at 1 year 
follow up between the two approaches [ 50 ]. 

 The Laser Angioplasty in Critical Ischemia (LACI) trial 
included 145 critical limb ischemia patients who were 
deemed to be unfi t candidates for vascular surgery [ 51 ]. 
Patients were enrolled to test the effectiveness of laser- 
assisted balloon angioplasty. Procedural success rate was 
reported as high as 86 % and stenting was performed in only 
45 % of limbs. Follow up at 6 months demonstrated a high 
limb salvage rate of 92.5 %, with 10 % mortality and 6 % 
major amputation rates.  

    Coronary Artery Studies 

 Initial results using the excimer laser catheter system 
(Spectranetics, Colorado Springs, CO) in the coronary circu-
lation were very promising (Fig.  27.10 ). Early trials by 
Litvack et al. demonstrated that it was safe to ablate the ath-
eroma and reduce coronary stenosis with the excimer laser. 
In a multicenter trial on 55 patients the mean minimal ste-
notic diameter increased from a baseline of 0.5 ± 0.4 to 
1.6 ± 0.5 mm with laser treatment and to 2.1 ± 0.5 mm with 
balloon angioplasty [ 52 ]. Similarly Karsch. et al. in a small 
study (60 patients) also showed lasers were safe in treating 
both stable and unstable angina patients [ 53 ].

   Similarly, Sanborn et al. in a multicenter trial on 141 
patients demonstrated that laser assisted angioplasty was safe 
and feasible [ 54 ]. However, several trials have not shown ben-
efi t over conventional balloon angioplasty. LAVA (Laser 
Angioplasty Versus Angioplasty) trial was a randomized 
multicenter study in 215 patients that compared laser facili-
tated PTCA to balloon angioplasty alone [ 55 ]. There were 
more procedural complications and patient adverse events 
with laser without any difference in immediate and long term 
benefi ts. Similarly the AMRO (Amsterdam- Rotterdam) study 
in 308 stable angina patients compared excimer laser coro-
nary angioplasty with balloon angioplasty and did not dem-
onstrate improved angiographic success rate, myocardial 
infarction, coronary bypass surgery, repeat angioplasty or net 
mean gain in minimal lumen diameter [ 56 ]. The ERBAC 
(Excimer Laser, Rotational Atherectomy, and Balloon 
Angioplasty Comparison) study showed that the success rate 
of procedure was higher with rotational atherectomy com-
pared to laser angioplasty and balloon angioplasty [ 57 ]. 

 However, the ELLEMENT study confi rmed the feasibility 
of ELCA during contrast injection to improve stent under 
expansion in undilatable stented lesions [ 58 ]. Overall, given 
that balloon angioplasty was required to dilate the artery fol-
lowing laser procedure and the lack of prevention from reste-
nosis with the laser despite the debulking of the plaque burden 
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at the site, laser angioplasty gradually became less frequently 
used. Currently few clinical uses are considered for excimer 
laser angioplasty. These include the re- canalization of in-
stent restenosis and left main coronary artery disease. Another 
area that still has occasional use of laser technology is in 
heavily calcifi c peripheral vascular lesions [ 59 ].  

    Laser Application for Trans myocardial 
Revascularization (TMR) 

 TMR was proposed as an option to treat patients with refrac-
tory angina to medical therapy. This was used as standalone 
therapy but more often as an adjunct to coronary bypass graft 
surgery. The concept was based on the ventricular sinusoidal 
system that supplies blood to reptilian hearts as well as the 
Vineberg technique of direct myocardial revascularization 

[ 60 ]. The physiological basis is that microchannels created 
by utilizing lasers can provide an alternative pathway for 
blood supply of the myocardium by direct perfusion from the 
left ventricle. However, autopsy studies demonstrated that 
the channels had become fi brosed and were occluded. 
Several explanations have been proposed for presumed ben-
efi ts included such as stimulation of angiogenesis to improve 
perfusion, anesthetic effect due to destruction of the sympa-
thetic fi bers or a placebo effect. There have been multiple 
methods to create channels in the myocardium. Initially, 
P.K. Sen used acupuncture needles to create myocardial 
channels which inspired the use of lasers to create micro 
channels [ 61 ]. Mirhoseini and his colleagues used the CO 2  
laser in a canine model and then in humans as an adjunct to 
CABG [ 62 ,  63 ]. Currently, the CO 2  laser (PLC Systems) and 
the holmium:YAG laser (Cardiogenesis, Sunnyvale, CA) are 
the only approved lasers for TMR in United States. 
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  Fig. 27.8    Sequential digital angiograms of the right superfi cial femo-
ral artery ( top left ) before laser recanalization with hybrid probe, 
 ( bottom left ) after laser recanalization, and ( top right ) after balloon 
angioplasty. ( bottom right ) Probe temperature is plotted against time 

during laser recanalization of the occluded segment shown in ( top left ). 
Peak probe temperature of 168 °C which resulted in recanalization was 
reached at a power of 6 W and 4 S exposure (Barbeau et al. [ 28 ], with 
permission)       

 

27 Landmarks Along the Application of Laser Energy for Cardiovascular Therapy



356

Before laser

a cb d

After laser After balloon After 1 year

  Fig. 27.9    Angiograms of a 61-year-old Caucasian man with <2 block 
right calf claudication of 7 months’ duration (ABI = 0.66). ( a ) Control 
angiogram. ( b ) angiogram after laser recanalization with hybrid probe 

and guide wire still in the artery. ( c ) Further dilatation achieved follow-
ing balloon angioplasty. ( d ) Angiogram at 1 year with widely patent 
artery (ABI >1) (Barbeau et al. [ 49 ], with permission)       

  Fig. 27.10    Angiograms of saphenous bypass graft to the right coronary 
artery in a 51-year-old man who developed recurrent angina 5 years follow-
ing coronary bypass surgery.  Left panel  shows a 90 % midgraft stenosis. 
The  middle panel  shows the stenosis after the fi rst laser treatment using a 

2.0-mm-diameter laser catheter as described. The catheter tip is seen above 
the lesion site. The  right panel  shows the fi nal result following completion 
of laser angioplasty. Minimal residual stenosis (<20 %), and this was left as 
a laser stand-alone result (Abela et al. [ 77 ], with permission)       
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 A sham controlled randomized trial by Leon et al. did not 
demonstrate a signifi cant difference between a laser treated 
group and a sham group with respect to exercise duration, 
improved angina class or visual summed stress single-
photon- emission computed tomography scores [ 64 ]. 
Currently, TMR is rarely used as a direct or adjunct treat-
ment for non-bypassable regions of the myocardium.  

    Other Laser Applications 

 The excimer laser has been used effectively as a pacemaker 
lead wire extraction device and this continues to be an impor-
tant and frequently used application [ 65 – 67 ]. Lasers have 
been very effective in treatment of varicose veins and this 
has become a very popular application [ 68 ]. Lasers have 
been used for arterial welding especially for small arteries 
[ 69 ,  70 ]. Lasers have also been used in electrophysiology as 
a method to ablate arrhythmia source in the heart including 
AV node ablation as well as for ventricular tachycardia foci 
and atrial fi brillation (Fig.  27.11 ) [ 71 – 74 ]. Photodynamic 
therapy of atherosclerotic plaque has also been tested with 
some potential for plaque stabilization [ 75 ,  76 ]. However, 
clinical applications have not been performed.

       Summary 

 Laser applications in the cardiovascular fi eld have generated 
much interest in both the cardiovascular community as well 
as the general public. Over the course of the last two decades 
clinical applications and basic research of the cardiovascular 
laser has transitioned to larger volume medical centers with 
cardiovascular subspecialties. The pulsed-wave, ultraviolet 
excimer laser that operates at the 308 nm wavelength of the 
light spectrum has become the primary system being utilized. 
Absorption of excimer laser energy within targeted biologic 
tissues creates unique effects on the non-aqueous components 
of the atherosclerotic plaque and on the accompanying throm-
bus resulting in vaporization and debulking of intravascular 
obstructions. Currently, the primary patient candidates for 
laser angioplasty are those with symptomatic coronary and 
peripheral arterial disease. These patients often present with 
complex atherosclerotic and thrombotic lesions which are 
considered non-amenable for standard technologies of percu-
taneous intervention or for surgical revascularization. The 
cardiovascular excimer laser system is approved in the US, 
Europe and Japan for treatment of symptomatic patients who 
require revascularization of diseased native coronary arteries, 
old saphenous vein grafts, chronic total occlusions and dis-
eased peripheral arteries. This laser  system is also used for 
extraction and removal of old and  dysfunctional or abandoned 
pacemaker leads. As the technology continues to evolve the 
laser could be applied to the more challenging and complex 
arterial lesions. The most recent developments with laser 

applications have focused on percutaneous treatment of 
venous vasculature conditions including removal of perma-
nent embolic protection fi lters from the inferior vena cava as 
well as venous thrombolysis. Treatment of varicose veins has 
been very successful and future developments are anticipated 
for arrhythmia ablation.     
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